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Mata rAUo Matsumoio. 


E. Weher’* seems to have been the first to rail attention to the errors 
in, localizing sounds. The particular problems involved seem to be two : 
I. the perception of the direction from which a sound comes; and 2. 
the perception of its distance. The investigations described in the fol- 
lowing pages were made in the attempt to contribute data toward the so- 
lution of these two problems. The work was begun (1894) in the Psy- 
chological Laboratory of the Imperial University of Japan ('fokyo) at 
the suggestion of Professor Motor A ; the greater part of the work, how- 
ever, was done during the years 1896-189S in the Psychological Labora- 
tory of Yale University un^lcr the supervision of its director, V). W. 
Scripture. Many suggestions were also received from Professor Ladu. 

I. Preliminary investigations. 

The first series of experiments was conducted according to Pria’icr’s 
statfetical method.'* Instead of Preyer’s sound-helmet, a hollow 
spherical cage >vas devised as is shown in Figure i. 'Phe imaginary surface 
of the sphere whose diameter is 1.35"' is diviefcd into 8 C(iual t)arts by 
4 vertical 'great circles. The surface is again divided horizontally by the 
eipiator'ajid by two small circles parallel to the ecpiator at a distance of 
45® from poles. * The intersecting points of these vertii al and horizontal 
circles correspond to the 26 terminal points of 13 axes or diameters of 
the sphere. These 13 axes may be divided into three classes. 

I. Three primary axes which cut each other at right angles. 

(a) The frontal axis, or the diameter of the siihere from right to left in 
the plane of the equator. As this line corresponds to an imaginary line 

‘ Submitted to the Tokyo, Imperial University as a thesis for the d^ree of llakusli 
(Ph.D.). 

*Kd. Weher, Ueic’r den Mcchanismus dcs Gchovor^am, Per. d. kgl.-sSchs^ Lcs. 
derWiss., math.-phys. Classe, 1851, 29. 

3 pREYER, Die IVahmehmtiH^ dcr Schallrichtiin^ mitteht der Iio^en}^ange, Arc hi v 
f. d. getf. Physiol. (Plliiger), 1S87 XL 586. 
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drawn through the external openings' of the two ears of the subject sesfted 
in the cage, it may be called the auditory axis or the r/ ( right -left) axis. 

(Jf) A vertical diameter which intersects the frontal axis at its middle 
point. This may ])e called the vertical or the on (over-under) axis. 

The jilane determined by the two axes r/and on is called the frontal 
plane. 



(c) A hdril^ontal diameter drawn perpendiculair to the frontal plane, 
through the intersecting point of the frontal and the vertical axes. This 
may te called the sagittal or the fb (front-back) axis. 

The plane determined by the sagittal and the vertical axes is called the 
the sagittal or median plane, while the plane determined by the sagittal 
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and the frontal axes is called the hoVizohtal j)lanc. In the present essay 
no use will be niade*df intj<:lian, frontal or horizontal ])lanes exccj)t the 
primary ones, as ji.ist defined ; the terms are always to be understood in 
thisiway. 

The above three axes correspond to the .V, )’ Z axes of the Cartesian 
system of coordinates, and represent the fundamental axes upon which our 
standard space is constructed with ourselves as the center. 

II. Six se^ondaj*y axes, every two of which lie in the plane determined 
by the primary axes and cut each other at right angles. 

{jd^ Two secondary frontal axes. ' 1 ‘heseare the diameters lying in the 
frontal plane at the distance of 45® from the frontal and from the 
vertical axis. 

(^e') Two secondary sagittal axes. These arc the diameters lying in the 
median plane at the distance of 45 ^ from the sagittal and from the verti- 
cal axis. 

(/) Two secondary horizontal axes. These arc the diameters lying in 
the horizontal plane at the distance of 45° from the sagittal and from the 
frontal axis. 

III. Four tertiary axes. These are the diameters lying at 45° from 
the three neighboring secondary axes in each case. 

'rhese thirteen axes arc illustrated in the model. Figure 2. 

The 26 terminal points of the 13 axes are named in the following way : 

I. The 6 terminal points of the 3«primary axes are /(front), h (back), 
(over), u (under), /' (right), / (left). 

II. The 12 terminal points of the 6 secondary axes are : 

(rtf) fo (front-over), bu (back-imdcr), fu (front-under), bo (back- 
over). 

(Jb') or (over-right), ?// (under-left), ur (under-right), ol (over-left), 
(f) //; (front-right), /V (back-left), ft (front-left), br (back-right). 

III. . The 8 termfffal points of the 4 tertiary axes arc : 

{a) for (front-over-right), bid (back-iinder-lefl). 

(/>) fol (front-over-left), bur (back-under-right). 

(r) bor (back -over -right), ful (front -under-left). 

(?/) (back-over-left), ///r (front-undcr-right). 

The person to be experimented upon is seated in the inside of the cage ; 
his head*is adjusted by means of a head-rest fi.xed to the back of the cljair 
in such a way that his Visual axis in the normal position of the body will 
lie in the median plane, and his auditory axis (an imaginary line drtiwn 
through the openings of the ears) with the frontal axi^ Then the ex- 
perimenter gives a short sound at one of the 26 terminal points, and the 
observer, with his eyes closed, is to judge the direction of the sound. In 
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my experiments the sound was produced by means of a telephone dr a 
small metallic hammer. Fifty experiments »vere iftade for each of.the 26 
points. The observer was Mr. T. Oku, a student of philosophy. 



■ If we could not perceive the direction of sound at all, it would be, 
as' Preyer’ noticed, theoretically possible that e.".ch of the 26 directions 
would be confused with each of the remaining 25 directions so that there 
would occur in all 26* - 26 = 650 confusions. Therefore in 676 experi- 

1 Preyer, Die Wakrnehmtmg der SchaUrUhtung mUlelst der Bogcng&nge, Archiv 
f. d. ges. Physiol. (Pfiiiger), 1887 XL 586. 
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ftie^its the correct judgments would amount only to 26. Or in €,000 
experiments the correct Judgments would not exceed 40. This was not 
the case, for in 1,300 experiments (7S0 telephone sounds and 520 met- 
allic plicks) it was found that the correct judgments amounted to 768, 
•namely, | of the total number instead of as theoretically reciuired. < 
Therefore, the perception of the direction of sound cannot be re- 
garded as purely Accidental. 

It was noticed that in these experiments none of the 26 directions 
was actualljf confused with more than 8 directions. Of 650 possible 
kinds of errors only 113 kinds were actually observed in our 1,300 
experiments and, indeed, many of these 113 kinds occurred only 
once or twice. What are the remaining kinds of errors which did not 
occur actually, though they were theoretically possible ? 'I'his ipiestion 
leads to a very important principle in the perception of the direction of 
sound. In the experiments the following results were noticed. 

1. No sound on the right side was perceived as being on the left side, 
and no sound on the left side was perceived as being on the right side. 
That is, none of the series, r^fr^for^ <?/*, bor^ hr^ bur, ur^fuKy was con- 
fused with any of /, flyfol, qi, bol, bly bitly uly fuly and vice versa. As 
there are 9 r-directions and 9 /-directions, then 162 (i. e., 2X9X9) 
kinds of errors must be subtracted from the total number of errors theo- 
retically possible. 

2. No sound on the right or the left side was localized in the median 
plane. That is, none of the above series was confused with the scries in 
the median plane /, foy o, bOy by bu, //, fii. 'riierefore we must subtract 
144 (i. e., 2x9x8) kinds of errors from the total number theoret- 
ically possible. 

3. No sound in the median plane was localized on the right or left side 
of the ^^lane. That is, none of the series /, fOy Oy bOy by bity //, fiiy was 
confused with iyfl,^iy oi, boly bi, buly uly fuly Vy/ryfory or, boVy bVy bury 
nVy fur. Here again 144 (i. e., 2 x 8 x 9) kinds must be subtracted 
from the total number. 

Subtracting these 450 kinds of errors from 650 theoretically possible 
kimls of errors we get 200 kinds of errors as actually occurring. These 
200 kinds of errors are those which will be actually observed. • They 
consist ftf 72 (i. e., 9 X 9 — 9) confusions on the right side, 72 (f. e., 

9 X 9 — - 9) confusions on the left side ancf 56 (i. c., 8 ^ 8 — 8) con- 
fusions in the median plane. 

In respect to these three fundamental facts the results of my own ex- 
periments perfectly agree with those of Prkyer. 

These facts lead us to believe that the possession of two ears gives us* 
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an inrportant means of perceiving the direction of a sound. Wheij a 
sounding body is situated in the median plane, there is no difference be-^ 
tween the intensities (and the other possible properties) with which 
vibratory movements arrive at the two ears. But when a soun^ is 
situated outside of the median plane the results will be different and 
the greater the angular distance from the median plane the greater 
will be the difference. The relative amount of this difference — the 
binaural parallax — may give us effective data by which we can judge 
the direction of the sound. If such a supposition be true, the direc- 
tion of a sound will be best perceived when it is situated in or 
around the frontal or auditory axis, for here the difference will be 
greatest] we can also expect that the direction of a sound will be 
fairly well recognized when it is situated in the sagittal axis, for that axis 
is uniipie in its relation to the two ears. Moreover, it may be expected 
that the direction of a sound in the horizontal plane will be best per- 
ceived, for the shajie of the pinna is most favorable for receiving a sound 
in the horizontal plane, especially in the case of binaural j)erception. 
Now let us examine the results of our exi)eriments more closely to see 
whether they support these sui)positions. 

For each primary axis the ratio of the correct judgments to the total 
number was as follows : for rl axis, ; for fb axis, jYq- ; for on 
axis, jYd- "i hese results show that the sounds in the rl axis are best 
localized, while the sounds in fb axis are better localized than those in 
ou axis. In Brever’s experiments the ratio of the correct judgments 
for ou axis was greater than that for fb axis. 

Again the ratio of the correct judgments for the 8 directions in each 
primary plane was as follows : for the horizontal plane (/, //', r, br, b, b/y 
/, fl), I ; for the frontal plane (/?, or, r, ur, //, iil, /, ol^, J/rlr i 
median plane {f/o, o, bo, b, bu, u,fu), The results show that the 

sounds in the horizontal plane are localized best of ail, while the sounds 
in the frontal plane are better localized than those in the median 
plane, these results agree with those of Preyer and Arnheim.' 

The influence of the sounds from the right and left sides is so strong 
that even the ratio of all correct judgments for those i8 directions in 
which 7* and / take part has a greater value than the ratio of all correct 
judgfnents for either of the i8 directions in which / and b ox^o and u 
take part. Ii\.the last two groups r and I do not occur so often as in 
the first. The ratios of the correct judgments were as follows : for rl 


iArnmkim, ziir Theorie von Schullempfindiiiv^cn mittebt it r Bo^mt'dngey 

Diss., Jena 1887. 
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i8,directions, g- ; for//; iS directions, ^^r ou iS directions^ 

Our supposition that the possession of two cars gives us by binaural 4W- 
allax an importan^t means for perceiving the direction of sound seems to 
be supported by these results. But this general princi])lc is made more 
complex by various circumstances. For upon examining the number of 
the Correct judgments in the three sets of hemispheres it was found that : 

• I. The dircctibn of a sound in the right hcmis])licre was more cor- 
rectly judged than that of a sound in the left hcmisjdicre. d'he correct 
judgments (Br r,)‘r,for, or, twr, hr, hur, //;•, ///;' amounted to 27S, while 
the correct judgments for ol, hoi, hi, hul, ul, ful amounted to 

257. If the binaural parallax is an important means of localizing a 
sound, then it is highly probable that the localization will be more or less 
ijifluenced by the difference in sensitiveness which exists between the two 
ears. Although the subject was not examined in this respect, it is prob- 
able that there was such a difference. 

2. The direction of a sound in the front hemisphere was more correctly 
judged than that of a sound in the rear hemisphere. 1’ht' correct 
judgments ^ox f, fo, fu, Jl, fol, ful, fr, for, fur iwwoww^Lcd to 260, while 
those for ho, h, hu, hoi, hul,J)l, hor, hr, ////'amounted to 237. 'This dif- 
ference probably finds its explanation in the fiim tion of the piniue whose 
shape is not favorable for receiving sounds in the rear hemisi)here. 

3. Lastly, a sound in the lower hemisphere was better localized 
than a sound in the upper hemisphere, 'fhe correct judgments for 
fu, u, hu, hul, ul,ful, bur, ur,fur amounted to 271, while those for/;, 
//, bo^ hol^ ol, fol, hor, or, for amounted to 206. We t annot say 
that this will always be the case, for in Pkiovku’s experiments the 
sounds were better localized in the upper hemisi)here than in the 
lower hemisphere. The results of my c\p*eriments might have been 
more ©r less iniiuenced by the probable reflection of sound from the 
lower parts of«the,.^pi)aratus and the lloor, in eonseciuence of which the 
sound might have Ijeen peculiarly colored, as it were, according to its 
position, and better discriminated by the observer. Apart from such 
influences the results might have been influenced by the form of the 
pinnae. 

The examination of these three groups of results enables us«to say 
with great probability that the differences in the degrees of sensitiveness 
in the two ears and the action of the pinnae are the factors which render 
our perception of the direction of sound more or less complex. 

lable I. summarizes the results of these preliminary exj)erimente. In 
this table the objective positions of sounds are indicatM in the vertical 
colimin at the left, and the i)erceivcd directions Ac given in the hori» 
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^oi^al columns. The number of judgments of each kind is given by the 
figures which are found below each perceived direction. 

In the same manner as the actual possibility of the confusion of the di- 
rections of sounds is limited to certain distinct regions, so the directions 
which are most liable to be confused with each other are also restricted to 
narrower limits than the regions of actual possibility. 

•In the following lists the fre([uency of the confusion between ])airs of 
the 26 directions is shown by the figures. Here it is regarded as a 
matter of inflifference whether — for example— :/>* is confused with /iv, or 
/v* with //-, and likewise for any other pairs of directions that may be 
confused. 

List I. 

Confusions in tho Modian IVnne. 

Confusion between /and /»( 15 ),///( 13 ^ ( I ). 

“ “ /) and (17 ),// (4),/'^’ (3);^’(0 

“ ** and ( 23),/// (2), u (i). 

“ “ and (iS ), fu (i). 

“ “ and (10), // (8). 

“ and // {27 ),y/^ (i). 

“ ** u and fit (2). 

List II. 

Confusions in the. J.tft Jlcmisphore, 

Confusion between / and 0/(14), < 5 o/( 6 ), 1^/(5), ///(5), //(4),///(3), /'/(2), /W(i). 
“ “ /and/y(l4),y///(l3),/W(3), ///(3)» ''/(l)- 

“ * ‘ fol and o/( 17), bol{^ 3 ) ful ( 2 ) . 

“ ** 0/ and /^^'/( 22 ),////( 5 ). ///(2), 

“ “ ^t»/and/^/( i3),////(2), 4 «/( i). 

“ “ /^/aiid /W(9), /^/ (5),yb/(2j. 

“ “ /vz/and ///( 29). 

“ “ ul 'A wA f u\^) , 

List j. 

Confusions in the Riotht Hcniisphorc. 

Confusion l)etwccii r andiV'(i6), ur (7), /v/'( 6),/-( 6),/v'(4), // (2), ////*( i). 

“ “ fr and foi\ 13 ), fur (4), hr (4 ), or{ I ). 

“ “ for and <)/•( 1 7 ) for ( 5 ) , fur{ 5 ) . 

•“ “ or and ifor( 15), ur ( 3 ) , hr ( I ) . 

“ “ /'(V' and /^/■(8),y/</'(7), ^wt(3), ur[2). 

“ “ hr and ////■( 7 ),?//'( 5 ) , fur{ 3 ) . 

“ “ hur and ur[ 2o) , fui ( 2 ) . 

“ “ ?/;■ andy//;(5). 

These results show that the points which are most liable to be copfused 
with each other are those which are situated nearest to eatdi other in the re- 
gion of actual possibility of confusion. This is in acct)rdajice with our view 
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that ^he localization depends upon the binaural parallax, for the soipids 
at the points situated nearest to each other in the regions of actual possi» 
bility of confusion are those which are more nearly equal in their relations 
to the two ears than the sounds at other points. Moreover, we can notice 
a certain similarity in the three lists above. The errors that occur most, 
frequently in the second list (first two columns) are of similar kinds with 
the most frequent errors (first two columns) in the third list. More- 
over, if we disregard the question of right and left— thereby cutting off 
/ and r from the members in the second and third lists, Ifien the most 
frequent errors (first column) will be the same in all three lists. In 
other words, the errors which occur most frequently in the median 
plane are repeated with almost the same regularity in the left and 
right hemispheres. The results are arranged in Table IT. 

In connection with the above three lists it is interesting to know 
the relation of the angular magnitude of the error to its frequency. In 
the median plane the possible frequencies of the errors out of a total 
of 64 are as follows: for 180^, 8 times, or 12^2% } for 16 times, 
or 25% ; for 90°, 16 times, or 25^ ; for 45°, 16 times, or 25% ; for 
0°, 8 times, or 

In the actual experiments, however, 400 judgments were distributed 
as follows: for 180°, 3 times, or f^** ^3 tinies, or 3% ; 

for 90°, 20 times, or 5^ ; for 45®, 131 times, or 33% ; for 0°, 233 
times, or 589^. 

Comparing these two series it becomes evident that in reality the errors 
are not evenly distributed. The error of 0° magnitude (i. e. , correct 
judgment) is by far the most frequent; the error of 45° (next to the 
smallest magnitude) comes next to it, and the errors of greater magni- 
tudes occur less frequently as the magnitude increases. 

The same observation is to be made concerning the errors in separate 
hemispheres. If the errors were evenly distributed thq frcvpiencies for the 
right and left hemispheres would be as follows : for 119°, 2x4 times, or 
5% of the total number; for 98°, 2x8 times, or 10%; for 90°, 
2x12 times, or 15% ; for 85°, 2x8 times, or 10% ; for 60°, 2x8 
times, or 10% ; for 59°, 2x8 times, or 10% ; for 45®, 2 X 24 times, 
or 30% ; for 0°, 2 x 9 times, or 11%. 

In the actual experiments, however, 900 judgments were distributed 
as follows: for 119°, 9 tiiiies, or 1% of the tqtal number; for 98°, 

7 times, or for 90®, 30 times, or 3 ; for 85®, 8 times, or 

■YJifo ;for 60®, 18 times, or 2% ; for 59®, 23 times, or 2pj^ffo ; for 45®, 
270 times, or 30% ; for o®, 535 times, or 59%. 

Just as in the niedifan plane, the errors of smaller magnitudes happen 



Table II. 


Researches on acoustic space. 


II 




il 


I 

:i 




<) 


s 


S S'^ , 
O r>. fo I 

j 

W 30 ro N i 


s ^ 


l^ftvOri-vOVON rN.M 


Vt 

fls a\ 

^ Cl 

g ON m Cl 

f') M N 

M 

© N Cl Cl U3 

»0 CO Cl 

9* M 

l/^ rj-*i-i ro fO fO 

90 *■* 

OI ^ClTf-vO u~»w U3«0 


9 * 

n ” 
s & "* 

-A 'O 00 o 

© M M 

CO CO Tj- IN 

M 

•N ro M d 

90 N 

^ t>. CO M 

I 

0*0 M fO 

N# M M 




12 


M, MatsumotOy 


also in the both hemispheres more frequently than the errors of gre9,tei 
magnitudes. The exceptionally great percentage for 90 degrees arises 
from the familiar confusions between front and back and between above 
and below ; these will be considered in detail later. 

From these results it follows that the smaller the angular distance be- 
tween the two points, the greater is their confusion with each other. 
Though this fact is a matter of common experience, thtf experimental de- 
termination of it is very important. 

The frequencies of the errors relating to the magnitude, f/hich we ac- 
tually observed in our experiments, are shown in Table III. 


Table 111. 



0° 

45 ® 

59 

60° 

85 

90® 

98 119° 

135® 

180® 

iNumoer 01 
experiments 

/ 

42 

7 

I 







50 

r 

45 

5 








50 

bl 

26 

19 


5 






‘ 50 

br 

40 

7 


2 

I 





50 

ol 

30 

19 




I 




50 

or 

31 

17 




2 




50 

'fi 

35 

12 


3 






50 

A 

31 

14 


1 


4 




50 

ul 

34 

12 


3 


I 




50 

ur 

27 

iS 


4 


I 




50 

bol 

12 

25 

6 


3 

4 




50 

bor 

13 

21 

6 



5’ 

2 3 



50 

fol 

25 

22 

I 



2 




50 

for 

20 

24 

4 



2 




50 

but 

29 

20 

I 







50 

bur 

40 

9 




I 




50 

ful 

24 

14 

3 


2 


5 2 



50 

fur 

31 

5 

I 


2 

7 

4 



50 

bo 

16 

30 




4 




50 

0 

32 

18 








50 

fo 

27 

18 




4 


I 


50 

f 

40 

10 








50 

u 

30 

12 




7 



1 

50 

b 

32 

16 




I 



I 

50. 

bu 

. 29 

21 








50 

> 

27 

6 




4 


12 

1 

50 

Total 768 

401 

23 

18 

8 

5 ^ 

7 9 

13 

3 

1300 


The foregoing preliminary experiments have shown that the difference 
between the sensations with which a sound is heard in the two ears must 
be regarded as the fundamental datum for localizing the sound. 

The next step musf therefore be a closer examination of this datum of 
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lod&lization. There are four characteristics of sound-waves by which 
one sound may be discriminated from another, namely, intensity, pitch, 
phase and complexity (or timber). The localization of a sound must 
be based upon a difference in one or more of these four characteristics. 

Of these four characteristics it was the question of intensity to which 
my chief attention was paid in the further experimental work, for from 
the nature of the subject the problem could be more definitely studied in 
reference to this characteristic than to the other ones. 

II. Dependence of the localization of a perceived sound upon 

THE relative INTENSITIES OF THE SOUNDS HEARD BY THE 

TWO EARS. 

We have seen in our preliminary experiments that a sound in the me- 
dian pkne is never localized on the right or the left side and a sound on the 
right or the left side is never localized in the median plane, and we have as- 
sumed that these facts depend upon the peculiar relation between the in- 
tensities with which the ears are excited by a sound in the median plane. 
Now the queston arises whetTier we do always localize the perceived sound 
in the median plane when both ears are excited with the same intensity. 
The following experiments were conducted to get an answer to this ques- 
tion. 

I. Dependence of the localization of a sound in the median plane upon the 
equal intensities of the impressions in the two ears. 

Each of the primary circles of the spherical cage was divided into de- 
grees. In the horizontal circle the front (^) was taken as o® and the 
degrees were counted on both sides of the circle from front to back, 
the back being 180°. In the frontal circle the top was taken as 
o® atid the degreSs were counted from the top downward, the point 
opposite to the top being 180°' and that horizontally either right or 
left 90®. In the median circle the top was taken as o®, and the de- 
* grees were counted from the top downward, either front or back being 
90*^ and the point opposite to the top 180®. 

Two telephones were placed at two symmetrical points of tlie same 
circle. The head of the observer was adjusted as in the preliminary experi- 
ments. The two teld^hones were sounded with equal intensities for two 
seconds. The observer was to judge the direction of the sound. The 
points at which the telephones were placed are given in Table IV. 

For each pair of positions 4 to 8 experiments were made ; the total 
nuniber of experiments was 125. To eliminate the effect of suggestion 
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and practice, the experiments were made in an irregular order, and ' not 
in the order given in the table. Mr. T. Nqkashima, a well trained ob- 
server, was the subject of the experiments. 

Taulk IV. 


Ay horizontal. li, frontal. C, median. ' 
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90® 

S 

112.50 

112.5® 

112.5® 

112.5® 

112.5® 

112.5*= 

6 

135° 

135° 

135° 

135° 

135° 

135° 

7 

157.5° 

157 - 5 ° 

157.5° 

157.5“ 

157.5° 

157.5' 

8 

o® 

iSo® 

0® 

180® 

0® 

180° 


The fundamental phenomenon always observed in experiments of this 
kind is that the two similar impressions received by the two ears were 
combined into one sound. 

The results of these experiments are given in Table V. The table is 
to be interpreted in the following manner. • When the telephones were 
in the positions given in I’able IV, the sound appeared to be in the direc- 
tions given under similar headings in 'I'able V ; thus Ai ot the latter 
corresponds to ^ 4 1 of the former, etc. The expressions contained in the 
parentheses represents judgments of this character: “ front but a trifle 
upward,” etc. The letter k means “in the head;” the other letters 
have the meanings given on p. 3. 


Taiu-k V. 


A 

I /. Ao), Ao), Aoi)> Aoi) 

* ■AA«)<Ao)< b, b{k), k{f), k{f) 

3 b, b, b{k), b{o), k{r) 

4 /, /, b, b(k), b(k), b{o), k, k(b) 

5 b, b, b{k ), b{ko) 

6 b, b, b, b, b{k) 

7 b, b, b, b. b(k), b(kff) 

« Af.fAo). 


£ 

k, k(b), k(^bu), k(o), k{/o), k{bo) 
k, /[o), k{l), k{b), k{b) 

k, k, k{u), Ao)> A\o) ' 

f, /, b, b(k), b{k), b{o). k, k{b) 
b, b, k, k(^b)^ bit 
b(tt), b{k), /<«), b(ul), b 
u(rb), u{rb), «(/), u\r), u{rb) 

0 , 0 {b), 0 {jr) 


C 

‘ Ao)> Ao)f Ao)i A”)’ Ao) 

* Ao).Ao).Ao)././ 

3 Ao), Ao)’ A A f 

4 AAAAo). K^) 

5 h b{u), f, A /, f 

6 b(u), b(u), b, b, b 

7 «(^). «{b), u{b), b mf f at b 

8 c(/),o{b) 
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T^ble V. shows that all the sounds were localized in the median plane. 
A slight deflection from the anedian plane, which is indicated by the let- 
ters in parentheses, «eems to be the effect of slight deviations in the position 
of the* head, in manner of placing the telephones and in occasional differ- 
ence between the intensities of the two sounds, all of which we could 
not govern accurately. 

'In group A most sounds were perceived to be at b or But 

when the two ears^were stimulated by sounds coming from 22.5° and 
22.5®, or 45° and 45°, or 0° and 180°, most of the perceived sounds 
were perceived to be at /. 

In group the sound was perceived to be at k (in the head) when the 
two ears were stimulated by sounds from above, whereas it was per- 
ceived to be at b or u when the two ears were stimulated by sounds 
from below. When the sounds were given at 0 and u the sound was per- 
ceived to be at o. 

In group C most of the perceived sounds were localized at fo and f 
when the two ears were stimulated by sounds situated between 0° and 
112.5°. But the sounds were mostly perceived at b or// when the 
two ears were stimulated by sounds situated lower than 135°. 

The conclusion seems to be justified by the results of this set of experi- 
ments that, in whichever of the three primary planes the objective 
sounds may be placed, the perceived sound is always localized (in so far 
as the sensitiveness of the two ears is the same and the two objective 
sounds are exactly ec^ual) in the median plane if these sounds are placed 
in such a way that the distances between one car and the sources of the 
sounds are equal to the distances between the other ear and the same 
sources respectively. 

Since equal di.stances have equal influences upon the intensity of a 
sound, the above conclusion c^n be expressed in terms of intensity, 
namely, when fhe <^o ears are stimulated simultaneously by sounds of 
equal intensity the perceived sound is always localized in the median 
plane. Conversely we can say that when a sound is localized in the 
median plane the intensities of the impressions in the two ears are ecpial. 

There still remains the question concerning the component upon which 
depends the discrimination between front and back, above and befow in 
the median plane. It is true that in the median plane the localization is 
very imperfect. Still* the existence of some localizing •power in this 
plane was proved by the results of the experiments conducted by v. Krics. ‘ 
Here the localization cannot be explained by the-principle of relative 

*v. Kries, Ueber das Erkennender Schallrichtung/L\., f. P^ch.u. Physiol, d. Sinn., 
1890 I 235. 
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intensity, for the two ears are stimulated with the same intensity. The 
experiments of v. Kries and Rayleigh ^ §how us that the posgibilit]^ 
of the localization in the median plane depends to a. great extent upon 
the constitution of the sound and upon practice. A pure tone, .such 
as that produced by a tuning fork, is in general localized distinctly only 
with difficulty, but a noise or a tone mixed with overtones (such as the 
noise produced by striking small blocks against each other, or the human 
voice) seems to be better localized. The difference which exists between 
the two cases seems to arise — though it it is not easy to make it definite 
by an experiment — from the fact that the quality and pitch of a sound 
are more or less modified according to its position in the median plane, 
for the sound waves will be more or less influenced by the position of the 
sound with respect to the position of the pinnre. Not only the quality 
and the pitch, but also the absolute intensity of the sound will be different 
according to its position. These factors will be considered later. 

2. Depende^ice of the localization of a sound in the horizontal plane 
upon the unequal intensities of the impressions' in the two ears. 

When a source of sound is situated not far from us, either on the left or 
on the right side, the intensities of the impressions produced in the two 
ears are not equal, for the intensity of a sound varies (according to the 
generally accepted law of propagation of sounds) inversely as the square 
of the distance. The difference between the distances becomes smaller 
as the source of sound approaches ’ the median plane, while it grows 
greater as the source of sound moves more toward the side. 

The question is whether or not we localize the perceived sound at 
different points according to the change in the relative difference between 
the intensities of the sensations received in the two ears. A definite 
answer was sought by the following set of experiments. 

In the preceding experiments I noticed that the reflection of the sound 
from the surrounding walls had some influence upcAi tlie localization. It 
seemed desirable in further experiments to avoid this source of error, as 
far as possible. A small separate chamber 4 feet long, 4 feet wide and 4 
feet high, with walls of felt, was arranged in a quiet spacious room, on 
the top floor of the Yale Laboratory. Instead of a spherical cage as used 
in t}ie foregoing experiments the following arrangement was made for 
determining the objective positions of the telephones. 

On the floot of the chamber a circle was described, whose radius was 
65®** This circle was divided into 12 equal parts by 12 radii at 30® 

1 Rayleigh, Our perception of the direction of a source of sounds Nature, 1876 
XIV 32. 
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apaij. The person experimented upon was seated in the center of 
the chamber. His head was adjusted by a support in such a way that the 
line connecting the openings of the two ears would intersect at its mid- 
dle pomt an imaginary line drawn from the center of the circle perpen- 
dicularly to the floor. In order to eliminate the influence of suggestion 
upon judgment, the eyes of the observer were blindfolded before he was 
allowed to enter the chamber. He consequently never knew anything 
of its construction or contents. Two telephone-stands of a T shape were 
prepared. Etich stand could be erected on any of the 12 divisions in 
such away that the longer arm would be perpendicular to the floor and 
the shorter one would be parallel to the radius at that point. A telephone 
was hung on the shorter arm by means of strings. The height of the 
shprter arm was adjusted so that the telephone would lie in the same line 
with the openings of the ears. 

The wires from one telephone were connected with the secondary coil 
of a sliding indiictorium. The wires from the other telephone were con- 
nected with the two binding posts at one end of the primary coil, 
where the electric current coming through an electro-magnetic tuning 
fork in another room was to be divided into two circuits, one of which 
served for the primary circuit of the indiictorium and the other for the 
circuit of the second telephone. The current for the latter telephone 
passed through a copper sulphate rheostat. By means of this rheostat 
the intensity of the current — and consequently the intensity of the tele- 
phone sound — could be regulated. The secondary coil, with which the 
wires of the first telephone were connected, carried a pointer which 
passed ovier the divisions of the millimeter-scale on the base of the in- 
ductorium. By changing the distance between the coil the intensity of 
the induced current — and conseciuently the intensity of the telephone 
sound-^ould be regulated. 

In this’ set of ^xp^ejiments a self-interrupting electro -magnetic fork of 
250 complete vibratioi^ was placed as a shunt across the telephone circuit. 
■The current from a lamp battery ' passed through the fork during half its 
period of vibration, while during the other half of the period it passed to 
the telephone apparatus. Thus a tone of 250 vibrations could be pro- 
duced in the telephones. 

The sttindard intensity of the current could be regulated at pleasure 
by changing the lamps of the battery. When the telephone circuit >^as 
closed by the key each telephone produced a sound of definite pitch, 
with an intensity depending upon the amount of liquid resistance intro- 
duced or upon the distance of the secondary coil from the primary one. 

^SCJfiPTURE, A\‘w apparatus and methods^ Stud. Yale Psych. Lab., 1896 IV y6. 

2 



1 8 M. Matsumoto^ 

First group. 

In the first group of experiments the telephones were placed directly 
opposite the openings of the ears at a distance of 40®“. The current 
was turned on for a little more than a second, the two sounds being pro-* 
duced simultaneously. When the sounds ceased the observer was* to an- 
nounce the direction of the sound which he perceived. The experi- 
menter was to take the record both of that direction and of the distance 
of the secondary coil from the primary, which represJ^ntedr. the intensity 
of the current for one telephone. During the experiment the intensity of 
the current for the other telephone was kept constant. 

The first subject was A. Fisher, the laboratory janitor, a well-trained 
observer without the slightest knowledge of the arrangements or inter- 
est in the results. He always perceived only one sound instead of two 
separate sounds and projected the sound in one of five directions in a 
horizontal plane about the same level as his eyes, i. e., at fl^ /, 

according to the difference between the intensities of the two sounds. If 
we call for the sake of convenience the relative intensities ‘‘strongest,” 
“stronger,” “equal,” “weaker” and “weakest,” the results can be 
summarized as follows. 

1. When 7 ?, intensity of the component of the sound on the right 
side, was “strongest,” and Z, intensity of the component of the 
sound on the left side, was “ weakest,” the perceived sound was projected 
toward r, 

2. When R was “stronger” and Z “weaker” the perceived sound 
was projected toward fr, 

3. When R and Z were “equal ” the perceived sound was projected 
toward /. 

4. When 7 ? was “weaker” and Z “stronger” the perceived sound 
was projected toward jl, 

5. When R was “weakest” and Z “strongest ’ the perceived sound 
was projected toward /. 

The next subject was Dr. C. E. Seashore, assistant in the laboratory. 
He knew where the two telephones were placed and how the intensities ■ 
would be varied. The results were practically the same as those of the 
first observer. The only difference was that the second obseever could 
distinguish finer differences of direction than the first observer could. 
This suggested! the possibility of having the results stated in a scale of 
degrees. This was tried with success on Mr. C. Wakamatsu, a young 
Japanese student of science, who was totally ignorant of the method of 
the experiment and Ihe arrangement of the apparatus. 
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Before stating the results it must be made clear that the exact relation 
between the intensity of the electric current and the intensity of the 
telephone sound»is not known, and that the rate of change in the inten- 
sity* of the current which corresponds to the distance of the secondary 
coil^from the primary can not be numerically stated. All we can say is 
that the intensity of the telephone sound increases with the increase of 
the induced current and that the intensity of the induced current be- 
comes stronger ag the secondary coil is moved nearer to the primary coil. 
The rate of change in the intensity is not constant ; in the particular 
instrument employed it is rather rapid between 2*^"* and 4"", slow between 
and 9®"' and rapid again beyond 9®'". It must also be noted that we 
cannot average directly the results for several days \ owing to the nature 
*of the experiment we can not keep all the conditions perfectly constant 
during different days. Slight changes in the positions both of the tele- 
phones and the head of the observer and minor errors in apparatus were 
sufficient to produce somewhat varying results. I am, therefore, com- 
pelled in all succeeding experiments to take the average of the results 
of experiments conducted within a few hours on the same day, during 
which the above mentioned conditions could be kept tolerably constant. 
On the present occasion no attempt will be made to establish a numerical 
relation between the variation in the relative intensities of the two sounds 
and the variation in the localization of the perceived sound. We must 
be satisfied if the general dependence of the latter upon the former is 
proven. 

Tahle VI. 



Case T. 



Case 11. 


Distance of the 



Distance of the 


secondary coil 


Number of 

secondar\»coil 

Number of 

for the left 

Localization. 

experiments. 

for the right 

I/}calization. 

experiments. 

telephone. 



telephone. 



room 

fr JO® 

3 

loom 

fl So® 

2 

9 

fr 27?5 

2 

9 

fl 75 

2 

S 

fr 25 

2 

8 

fl 60 

2 

7 

fr 22.5 

2 

7 

fl 41-7 

3 

65 

fr 18 

2 

6.5 

bl 70 

2 

6 

Jr 10 

I 

6 

/ 

2 , 

5 

fi o-S 

2 

5 

f or b 

• 2 

4, 

fl 0.5 

2 

4 

fr 60 

Z 

3 

fl *5 

2 

3 

fr 60 or br 60 

2. 

2 

fl 27 5 

2 

2 

fr 60 

2 

I 

fl SS 

2 

I 

fr 60 

sw 

o.S 

fl 75 

I 

0.5 

fr 82.5 

2 

In Case I the probable error varies from 

1 In Case 1 1 the probable error varies from 

0 to 'dr 30%. 



0 to ± 8%. 
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The averages for the experiments are given in Table VI. Case I gives 
the results when the left sound was varied while the other was kept^ con- 
stant, and Case II gives the results when the right sound was varied and 
the other was kept constant. In these and subsequent similar experiments, 

" the observer announced the direction of the perceived sound in a scaje of 
degrees, taking/and b as o° and counting toward r and /. For examplcj^ 
fr6o^ means that the sound is in the front 6 o® toward r and br 6 o° means 
that the sound is in the rear 6 o® toward r. 

To eliminate the effect of suggeistion the experiments were made, as in 
the preceeding section, in an irregular order. 

The general relations which were stated on page i 8 are shown here more 
plainly. The transition of the perceived direction according to the 
change in the relative intensities of the two sounds is not only more 
gradual, but more minutely scaled. Figure 3 shows diagrammatically the 

results of the experiments.^ This figure 
and the similar figures in the following 
pages represent the mental field of locali- 
zation of sound. The median plane of 
the auditory field coincides with the real 
median plane of the head, but the mental 
right and left do not seem to lie exactly 
in the frontal plane of the head. The 
directions that appear to us a right and 
left, seem to lie slightly in front of the 
auditory axis. The apparent right and 
left seem to be determined by visual sensations and consequently to lie in 
a line tangent to both eyes. This seems to afford some explanation of the 
fact that we localize the preceived sound slightly in the back of the ap- 
parent right and left line when the two component sounds' have the maxi- 
mum relative difference in intensity. 

In comparing the localizations of Case II with those of Case I we find that 
the latter is surer and finer than the former. In Case II we find not only 
a less careful angular scale, but sometimes a bewilderment of judgment 
as to wjjether the sound came from the front or from the rear. This 
difference seems to have its origin in the difference in sensitiveness be- 
tween the two ears of the observer. The sensitiveness of each ear of the 
observer was examined by means of the audiometer * and it was found 

^In this and the next figures the full lines represent. Case I and the dotted lines 
Case II. 

® According to the rnethfid described by ScRii*'rURE, Threshold of intensity for sounds 
Stud. Yak; Psych. Lab., 1896 IV 103. 
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tl^at the ratio of the sensitiveness of the right ear to that of the left ear 
was as 10 to II. It is probable that the discriminating ability for the 
change in the intensity of a sound depends upon the sensitiveness of the 
ear.^ As the right ear of the observer was less sharp than the left ear, 
the discriminating ability of the former would be less than that of the lat. 
ter.’ Accordingly, when the variable soundwas on the left side and the 
•constant sound was on the right side the difference between the intensities 
of the two sounds would be more accurately perceived than when the sounds 
were given ^n thS other way. 

Moreover, when the variable sound was on the right side and the con- 
stant sound on the left side the observer tended sometimes to localize 
the perceived sound in the rear hemisphere instead of the front, or some- 
times he could not decide whether the sound was front or back, though 
he perceived the angular displacement of the sound from o°, for ex- 
ample, he could not decide whether the sound came from / or h, fr 6 o° 
or hr 6 o°. The same uncertainty will be found again in later experi- 
ments. The cause of such confusion between front and back location, 
as we may call it, must be sought in .the similarity of the relation be- 
tween intensities with which the sounds .situated in the two directions in 
question are received by the two ears respectively. This point will re- 
ceive special consideration later. 

Taiu.k VTI. 



Cask T. 



Case 11 . 


Distance of the 


• 

Distance of the 



secondary coil 
for the left 

Localization. 

Number of 
experiments. 

secondary coil 
for the rijjht 

T^ocalization. 

Number of 
experiments. 

telephone. 



telephone. 




br 70® 

I 

I2«in 

1 90° 

I 

II 

br 52.5 

2 

II 



10 

br 45 

3 

10 

bl 75 

3 

9 

br 31 

4 

9 

bl 72 

3 

8* 

br 10 

3 

8 

bl 20 

3 

7 

b 

I 

7 

br 5 

3 

6.5 

bl 5 

4 

6.5 

br 13 

3 

6 

bl 25 

4 

6 

br 40 

3 

5 

bl 30 

3 

5 

br 66.7 

3 

4 

bl 57 

5 

4 

br 23.3 

3 

3 

bl 50 

3 

3 

br 83.3 

3 

2 

/ 90 

2 

2 

r 90 

3 

I 

/ go 

2 

I 

r 90 

i 


In Case I the probable error varies from In Case II the probbble error varies from 
o to zb 1 1%. o to zh 32%. 


We must at any rate conclude that the dependence of the localization 
upqn the relative difference between the intensities of the impressions 
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in the two ears does not necessitate that the perceived sound will, under 
the conditions of our experiments, altvrays be localized forward. It is 
quite reasonable to suppose that the perceived sound wjll sometimes be 
localized backward under the same conditions, especially when the intgi- 
sity of the perceived sound is weakened on account of physical, physi- 
ological or mental circumstances. In connection with this the results of 
experiments upon another person, Mr. W. S. Johnson (a* student of psy-' 

e localized all sounds backwards. The 
average results of the experihients upon 
him are shown in Table VII. Case I 
gives the results when the sound of the 
left telephone was varied, and Case II 
the results when the sound of the right 
telephone was varied Figure 4 shows the 
results diagrammatically. 

The preceding experiments were made without any previous practice, 
and the observers were required to tell only the direction of the perceived 
sound. It was found that after some practice an observer could 
tell not only the direction, but also the distance, of the perceived 
sound. So the experiments were repeated upon Mr. C. Wakamatsu 
to determine what would be the apparent distance of the sound. By this 
time the observer was somewhat practiced in the work, and the judg- 
ments were more definitely announced than in the previous experiments. 
The following table shows the average results. The Japanese unit ‘ ‘ sun ’ ^ 
was used by the observer in estimating the linear distances. One ** sun 
is equal to 3.03 cm. nearly. 


Table VIIT. 
Case I. 


Distance of the 
secondary coil 

Judgment of 

Judgment of 

* Number 
' of experi- 
ments. 

for the left 
telephone. 

direction. 

distance. 

1 2®“ 

>76" 


3 

11 

A 67 

8.7 

(26) 

3 

10 

fr 70 

7 

(21) 

3 

9 

A 27 

10 ■ 

(30) 

3 

# 

fl 12 

9.3 

(28) 

3 

7 

fl 30 

8.7 

(26) 

3 

6 

/47 

7.7 

(23) 

3 

* 5 

fl 70 

5 

(»s) 

3 

4 

fl 77 

3-7 

(») 

3 


fl 80 

3.3 

(10) 

3 

2 

^83 

3 

( 9 ) 

3 

1 

/83 

3 

( 9 ) 

3 

n Case I the probable error for direction 

varies 

from 0 to 8% ai^d that for distance 


varies from o to ±: 3%. 


chology), are interesting. 
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Cask II. 


Distance of the 
secondary coil 

Judgmeift of 


Judgment of 

Number 
of e.vperi- 
ments. 

for the right 
telephone. 

direction. 


distance. 

I2cm 

bl 85® 

griUU 

(26cm) 

2 

11 

/y/S2.5 

7.7 

(23) 

3 

10 


8 

(24) 

3 

9 

Jl 60 ; bl 40 ; Jl 20 or hi 20 

6 or 

8 ( 18 or 24) 

3 

8 

box f 

8.7 

(26) 

3 

7 

br^^o 

6-3 

(19) 

3 

6 

fr 65 ; hr 50 

5-5 

(«7) 

3 

5 

fr 85*; br 50 

4.5 or S (14 or IS) 

3 

4 

/r 80 

4.5 

(14) 

3 

3 

r 90 

3‘2 

(10) 

3 

2 

r 90 

3 

( 9) 

2 

I 

r 90 

3 

( 9) 

I 


In Case II the probable error for direction varies from o to b 3% and that for distance 
varies from o to it 11%. 

Figure 5 shows diagram matically the results for Case I and Figure 6 the 
results for Case II. 



Ficj. 5. Fl(i. 6. 

The judgmenf of«dtrection was surer in Case! than in CaseTI, as in the 
preceding experiments on the same person. In Case II the sound which 
•was perceived under the same conditions was at one time projected at / and 
another time at or the sounds which were at one time projected at jl 
20® ind ft 30° were at another time projected at bl 20° and bl 30° re- 
spectively. 

As to flie perception of distance the intensity of the perceived sound 
seems to furnish the data for the judgments. In the above experiments 
the intensity of the variable sound was strongest when the secondary coil 
was at the distance of 1*"“ ; it grew less strong as the distance* was 
greater, and became weakest at i2®‘". Accordingly the distance of the 
sound Vas perceived as least when the secondary coil* was i®'" di-stant 
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from the primary, and it was perceived to be greater as the coil was mov.ed 
towards the other end of the scale. The gradual change in the distancb 
according to the change in the intensity is clearly seen in the results. 

The observer seemed to choose a certain intensity as a standawrd to 
which he ascribed a certain distance; the distance of another sound 
seemed to be judged by comparing its intensity with this standard inten- 
sity. As a consequence the estimate of distance is different, at least so 
far as our exjDeriment goes, in different individuals. ^ This can be seen 
by comparing the above results with the following results which were ob- 
tained by making the same experiment on the observer, Mr. W. S. 
Johnson, in whose case all sounds were, as before, projected towards the 
back. He estimated the distance in inches (i inch = 

Tajh.k IX. 


Case I. 


Distance of the 
secondary coil 

Judgment of 

Judgment of 

Number 
of experi- 

for the left 

direction. 

distance. 

telephone. 



ments. 

Ijcnv 

r 90® 

48^“ 

( I20‘’“‘) 

2 

:o 

r 90 

57 ' 

(143) 

4 

9 

52 

51 

(128) 

4 

8 

b 

36 

{90) 

4 

7 

bl 7-5 

36 

(90) 

4 

6 

I >1 53 

28.5 

(71) 

*4 

5 

/-/ 7 S 

16.5 

(41) 

4 ■ 

4 

/ 90 

8 

(20) 

3 

3 

/ 90 

6 

(« 5 ) 

I 


In Case I the probable error for direction varies from o to ±17% and that for distance 
varies from o to ± io% . 


Case II. 


Distance of the 
secondary coil 

Judgment of 

Judgment of 

Number 
of experi- 
ments. 

for the right 
telephone. 

direction. 

distance. 

Iicm 

/ 90® 

6o‘“ 

(i5o«»") 

4 

10 

b/ 82.5 

’ 57 

(143) 

4 

9 

/ 90 

60 

(150) 

4 

8 

b 

39 

(98) 

4 

7 

br 15 

315 

(79) 

*4 

6 

br 40 

33-3 

(83) 

4 

5 

br 60 

26 

(6s) 

4 

4 

br 82.5 

6 

(15) 

4 

3 

r 90 

6 

(*s) 

1 


In Case II the probably error for direction varies from o to ± l6% and that for distance 
varies from o to ± 9 % . 
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9'hus in Johnson’s case the greatest distance was 6o inches (150®“), 
•while, in the case of Wal^niatsu it w’as about 12 inches (30®“); the 
shortest distance was 6 inches (15®'“) in the case of the former and 3.7 
inches (9®"*) in the case of the latter. 

In the preceding experiments the intensity of the sound was not 
changed in regular succession, for it was desirable to eliminate the in- 
fluence of suggestion from the results. It seemed, however, desirable to 
repeat the experiments by changing the intensity of sound, both de- 
scending anS ascending in regular order. The aA^erage results of the ex- 
periments conducted in this way arc given in Table X. Here the 
changes in the direction and the distance were perceived with greater 
regularity, l)ut in other respects the results were not greatly different from 
those of the preceding experiments. 

Figures 7 and 8 show the results diagrammatically. 

In closing the experiments of the first group I tried to see whether a 
curve of the localized points for the perceived sounds could be ob- 
tained if the two sounds were given continuously for a certain length of 
time during which the intensity of one of the two component sounds was 
varied in diminuendo or iiii crescendo. The experiments were made on 
the observer C. W. 

a^ When the intensity of the left sound was changed in diminuendo, 
by sliding the secondary coil from i®*“ to 15®’", while keeping the inten- 
sity of the right sound constant, the sound was perceived as if travelling 

Tahlk X. 

Cask T. 

Distance of the 


secondary coil 

Judgment of 

Judgment of 

Number of 

for the left 

direction. 

distance. 

experiments. 

telephone. 

• ,3cm 

r 90° 

8.7'“'“ (26'’"') 

3 

12 

fr 76.7 

9 (27) 

3 

II 

fr 76.7 

9 (27) 

3 

10 

fr 73-3 

9-3 (28) 

3 

9 

fr 61.7 

10 (30) 

3 

8 

fr 33-3 

10 (30) 

3 

7 

fr J3-3 

9-3 (28) 

3 

6 

/ <xb\Jl 15 

8; 9 (24; 27) 

3 

5 

fl 26.7 

8 (24) 

3 

4 

ft 40 

6.7 (20) 

3 

3 

fl 43-3 

5-7 (17) 

3 

2 

fl 70 

4-5 (13) 

3 

X 

fl 70 

4-3 (*3) 

3 


In Case I the probable error for direction varies from o to 25% and that for the disr 
tanceVrom o to zh 5%. 
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Case II. 


Distance of the 

fieconclary coil 

Judgment of 

Judgment of 

Number of 

for the right 

direction. 

distance. 

experiments. 

telephone. 

13cm 

14/80“ 

(30*^*“) 

3 

12 

bl 76.7 

10 (30) 

3 

11 

hi 70 ; y/ 8$ 

10 (30) 

3 

10 

fl 73-3 

10 (30) 

3 

9 

43-3 

10 (30) 

3 

8 

/ 30 ; bl 30 

W (30) 

3 

7 

A 35 if 

9; 8 (27; 24) 

3 

6 

fr 43-3 

8 (24) 

3 

5 

fr 55 ; br 8o 

7; S(2i; IS) 

3 

4 

br 80 

4 (12) 

3 

3 

fr 80 ; hr 80 

4 (12) 

3 

2 

r 90 

3-7 (II) 

3 

1 

hr 83.3 

3-7 (II) 

3 


In Case II the probable error for direction varies from o to db 1 8% and that for dis- 
tance from o to lb 8%. 




from Ji 8o® or / 90°, 3""" (9*’"’), passing to the frofit? at? a distance of 
and stopping at fr 80°, or R 90°, 12’*"" (36*""'), so that 
the point of localization described a semi-oval ring with narrow end 
directed to the right of the observer. 

When the intensity of the left sound was varied in crescendo by slid- 
ing the* secondary coil in the reverse way, the perceived sound started at 
fr 80°, io"““ (30“"*), passed to the front at a distance of (21®“) 
and stopped ai: / 90°, 4"“" (12®"'). Sometimes after the sound had 
reached about Ji 60° the observer became uncertain whether the sound 
travelled in front from that point to I 90° or travelled in back from bl 
60° to 1 90°. 

b. When the intensity of the right sound was varied in diminuendo^ 
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and that of the left sound was kept constant, the sound was perceived as 
if travelling from r 90®, 3**“" (9"“), passing to the front and stopping 
at / 90®, 8*”'", 24®*“., The sound seemed sometimes to travel in the 
/ear, t|jQUgh at some points it Avas uncertain whether the sound was to the 
fear or the front. 

When the intensity of the right sound was varied in crescendo the 
sound seemed to start at <^/8o®, 10""" (30^^"') and travelling to the rear, 
to stop at 80®, 4**“" (12'""*). 

This complefts the record of the first group. The results show con- 
clusively the existence of a continuous functional relation between the 
relative difference in intensity (between the impressions in the two ears) 
and the localization in direction. 

Moreover, it can be considered as established that a perceived sound 
is located on the side from which the stronger sensation is received, 
the greater the relative difference between the two sensations, the greater 
being the angular magnitude of the side-localization. 

Second group. 

When we perceive a sound as situated in the horizontal plane, the in- 
tensities of the sensations in the two ears are always different, except 
when the source of sound is situated in the sagittal, or fby axis. The 
difference between the two intensities is greatest when the sound is situ- 
ated nearly in the auditory, or r/, axis, for here the difference of dis- 
tances between the source of the sound and the two ears is greatest.^ 
When the source of sound moves gradually from the auditory axis 
and at the same time approaches the sagittal axis this difference be 
comes smaller. It has also been shown in the fii^it group of experiments 
that the localization depends upon the value of the difference between 
the intensifies of tjie sensations in the two ears. From these two facts it is 
to be expected that w*hen each ear is affected by two sounds coming from 
symmetrical points on the two sides respectively the limits within which 
the perceived sound is localized will be different according to the posi- 
tions pf the symmetrical points. 

We have already studied the field of localization of the perceived 

1 It must fie noticed here that even when the two cars arc e(iually sharp the difference 
between the intensities of the sounds heard by the two ears cannot be delenyined simply by 
taking the inverse ratio between the squares of the distances from the sound to the ears. 
When an exact expression is wanted, we must take into account the effects of the ref-ac- 
tion of the sound-waves around the head, the reflection of the sound from the surrounding 
walls, and of the conduction of the sound from one tympanum tg the other through the 
head . 
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sound when two objective components are placed at r and /, that is,* wlien 
the relative difference in intensity between.the impressions in the.two edrs 
is greatest. In that case the field of localization covered almost an entire 
semicircle either in front or in back, and sometimes covered more than 
an entire semicircle. Our next task is to inquire whether this field of 
localization would be contracted if the relative differences were made 
smaller. To answer the question, experiments were made on the ob- 
server C. W. under the following conditions : 

1. Two telephones were situated at fr 6o° and fl 6o® respectively. 

2. Two telephones were situated at fr 30® and ji 30° respectively. 

3. Two telephones were situated at hr 60° and bl 60® respectively. 

4. Two telephones were situated at br 30® and bl 30® respectively. 

The average results of the exiieriments under condition i. are shown 

in 'lable XT. 


Table XI. 


Case I. 


I)ist.incc of sec- 
ondary coil for 
left telephone. 

Judgment of 
direction. 

Judgment of 
distance. 

I2«“ 

>46.7“’ 

10.3"““ 

( 3 i«>») 

11 

fr 40.8 

10. 

(30) 

10 

fr 18.3 

11. 1 

( 33 ) 

9 

fr 10 

11 

( 33 ) 

8 

>7 21.7 

91 

(27) 

7 

flifi.n 

8.4 

( 25 ) 

6 

JllO.% 

6.9 

(21) 

5 

>756.6 

5-9 

(18) 

4 

fl(x, 

4.9 

(‘S) 

3 

>7 60 

4-3 

(13) 

2 

>7 62 

.3.9 ' 

(12) 

I 

fl 60 

3.5 

(0) 


The number of experiments on each 
point is 6. 

In Case I the probable error for direc- 
tion varies from o to di 57%, and that for 
distance from db 3% to ±: 13%. 


Case II. 


Distance of sec- 
ondary coil for 
right telephone. 

Judgment of 
direction. 

Judgment of 
distance. 


>736.6® 

II sun 

( 33 "") 

11 

/ 3 I .7 

10.7 

(31) 

10 

.^23.3 

11 

( 33 ) 

9 

/ 0 

11 

( 33 ) 

8 

A 15.7 

9-9 

(30) 

7 

A 38.3 

8.4 

( 25 ) 

6 

A 48.3 

6.9 

(21) 

5 

A 45 

6-3 

(* 9 ) 

4 

A 48.3 

6.4 

(> 9 ) 

3 

/■ 48.3 

4.6 

(14) 

2 

A 5».7 

4.3 

(> 3 ) 

1 

A 48.3 

3.8 

(») 


In Case II the probable error for direc- 
tion varies froin.dz 37o to rb 17% and that 
for distance from ^*5,% to 8%. 


The results are graphically represented in Figures 9 and 10. 

Here the relative difference between the intensities of the sensations in 
the two ears must, for external reasons, have been smaller than That in the 
preceding e^^periments. The field of localization of the perceived sound 
was accordingly much more contracted. When the sound of the left 
telephone was varied, the field covered a sector included between jl 62® 
and yr 46. 7®. When the sound of the right telephone was varied, the 
field was still more contracted, covering a sector included between y? 36.6® 
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anfly^ 5^*7°* both cases most of the perceived sounds were projected 
oil the side on which the source of the variable comj)onent sound was 
situated. Again, ii\ both cases no perceived sound was projected back- 




ward, and no doubt existed as to the position of the perceived sound, as 
was the case when two telephones were situated at right and left. The 
average results of the experiments under comlition 2. arc given in Table 
XII. 


Tahi.e XTT. 


Cask I. 


Distance of the 


secondary coil Judgment of Judgment of 

i^r.. .i; 


for the left 
telephone. 

direction. 

distance. 


A 36-7'’ 

11.3"“" (34””; 

II 

fr 35 

”•3 

(34) 

10 

fr 30 

”■3 

(34) 

9 

fr 26.7 

II 

(33) 

8 

fr 20 

“•3 

(34) 

7 

fr 7 

10 

(30) 

6.8 

/ 0 

10 

(30) 

6 . 

ji 16.7 

9-3 

(28) 

5 • 

y? 16.7 , 

9 

(27) 

4 • 

6.5 

(19) 

3 

fl 36-7 

5-7 

(«7) 

2 

fl 40 

5 

(IS) 

I 

fl 40 

4.5 

(13) 


The number of experiments on each point | 

is 3. 

In Case I Ihe probable error for direction 
varies from o to 31% and that for dis- 
tance from o to 10%. 


Cask II. 


Distance of the 


secondary coil Judgment of Judgment 1 

for the right 
telephone. 

direction. 

distance. 

1 12®™ 

/So» 


II 

/46.7 

10 (30) 

10 

fl 33-3 

9-3 (28) 

9 

fl 3<>.7 

10 (30) 

8 

fl 23-3 

9-3 (28) 

7.5 

/ 0 

10 (30) 

7 

fr 3-3 

9-S (28) 

6 

fr 20 

9-3 (28) 

5 

fr 36- 7 

8-3 (25) 

4 

fr 40 

6.3 (19) 

3 

fr 33-3 

6 (I8) 

2 

fr 40 

4-3 (13) 

I 

fr 36.6 

4.6 (14) 


In Case II the probable error for direc- 
tion varies from o to dh 19% and that for 
distance from o to 10%. 


Figures 1 1 and 1 2 represent these results graphically. 

In Case I the field of localization covered a sector included between 
fr 36.7® and fl 40° and in Case II it covered a sector included between 
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y? 50® and fr /^o^. The observer was sure of his judgments and^never 
projected the sound backward. The tendency to project the perceived 
sound more on the side on which the source of the variable sound was 
situated was lessened here, and the localizations were more evenly dis-* 
tributed. 




A similar contraction of the field of localization of the perceived sound 
was observed with the same subject when the sources of sound were situ- 
ated behind the observer. Here we noticed that the perceived sounds 
were frequently located in front. Under condition 3., when the in- 
tensity of the sound on the side of the sharper ear (left) was varied, most 
of the perceived sounds were located in fi^ont, 62 of 72 perceived sounds 
being decidedly located in front. On the contrary, when the intensity of 
the sound on the side of the duller ear was varied most of the perceived 
sounds were located in back, though some of them were located in front. 
Table XIII gives the average results for the experiments. 


Tabi.k XIII. 


Case I. 


Distance of the 
secondary coil 

Usual localization. 


Occasional localization. 

for the left 
telephone. 

Direction. 

Distance. 

Direction. 

Distance. 

Ijcm 

A 64° 

IO*uu 

(30””) 

0 

0 

6 5*““ 

(I9«m) 

II 

A 56 

9-4 

(28) 

bv 75 

7 , 

(21) 

10 

, /'•44 

10 

(30) 

br 70 

6.5 

(19) 

9 

A 40 

9.6 

(29) 

br 30 

7 

(21) 

8 

Jl 8.5 

10 

(30) 

br 20 

6.5 

(»9) • 

7 

^31 

9 

(27) 




6 

y?Si.6 

6.9 

(21) 




5 

60 

6.4 

(*9) 

bl 40 

5 

(IS) 

4 

Ji 66.7 

4.5 

(14) 




3 

fl 70 

3.8 

(”) 




2 

fi 72 

3 

( 9) 

bl 80 

3 

( 9) 

I 

fl 80 

3 

( 9) 

bl 70 

3 

( 9) 


The number ot experiments on each point is 6. 

In Case I the probable error for direction varies from db 2 % to 6% and that for distance 
from o to ± 1%. 
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Case II. 


J)istance of the 
secondary coil 

U.sual localization. 


Occasional localization. 

for the right 
telephone. 

Direction. 

Distance. 

Direction. 

Distance. 

I2cm 

bl 700 

7 - 3 “““ 

(22™') 



11 

bl 70 

8 

(24) 



10 

fl 45 

10 

(30) 

bl 70° 


9 

M 35 

7.3 

(22) 

fl 20 

10 (30) 

8 

/or b 

10 

(30) 

fr or br 20 

8 (24) 

7 or br 30 

8.5 

(25) 

f ox b 

*0. (30) 

6 

br 46.7 

6.1 

(18) 


5 

br 46.7 

4-3 

(* 3 ) 



4 

br 53-3 

3.6 

(11) 



3 

br 60 

3-3 

(10) 



2 

br(ii.i 

2.8 

( 8) 



1 

br 66 . 7 

3-2 

(10) 




In Case II the probable error for direction varies from o to rh. 12% and that for distance 
from o to rb 6%. 




Figures 13 and 14 show these results diagrammatically. 

The results of the experiments under condition 4 are given in Table 
XIV. 

Kgures 15 and 16 show the results graphically. 

These results show that the field of localization of the perceived«sound 
covered •larger sectors in the experiments under condition 3. thafl in 
the experiments under condition 4. In the former it coyered a sector 
included between fr 64® and fl 80® in front and a sector included between 
hr 75° and bl 80® in back, while in the latter it covered a sector 
included between fr 55® and ft 56.7® in front and a sector included be- 
tween* 60® and bl 60® in back. 
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Table XIV. 


Case I. 


Distance of 
the secondary 

Osual localization. 

Occasienal localization. 

coil for the 
left telephone. 

Direction. 

• Distance. 

Direction. 

N 

Distanced 

j 

dr 50° 

9«un (27«“*) 



11 

>35 

9 (27) 

br 50° 

giun 

10 

^'■43-3 

8 (24) 



9 

A 35 

9 (27) 

fr or br 3$ 

9 (27) 

8 

/r 30 

9 (27) 

br 30 

8 (24) 

7 

fox b 

8.7 (26) 



6 

Jl 20 

9 (27) 

hi 30 

7 (21) 

5 

/43-3 

6.8 (20) 



4 

/ 45 

5-5 (16) 

bl 30 

5 (15) 

3 

fl 45 

5-5 (16) 

Jl or bl 50 

5 (15) 

2 

fl ^ 3-3 

4-2 (13) . 



I 

/45 

4-5 (13) 

Jl or bl 50 

3-5 (10) 

The number of experiments on each point is 3. 



In Case I the probal)le error 

for direction varies from 0 to rb 65% and that for distance 

from 0 to rh 28%. 


Case II. 



Distance of the 
secondary coil 

Usual localization. 

Occasional localization. 

for the right 
telephone. 

Direction. 

Distance. 

Direction. 

Distance. 

I 2 <-‘“ 

/40» 

gsun (24C'«) 

bl 60° 

ysun (21®"*) 

II 

/S3-3 

7-7 (23) 



10 

/56.7 

7 (21) 



9 

8 

.7 

flio 
b OX k 

f 

7.3 (22) 

7 (21) 

(33) 

JlAtO; hi 10 

f 8 (24)1 

-(,6(18); 

6 

friS 

6-5 (19) 

br 40 

5 (IS) 

5 

/riS 

6 (18) 

br 40 

6 (18) 

4 

frM 

6-5 (19) 

irin^ 

4 (12) 

3 

hr 40 

4-5 (13) 

fr 30 

4 (12) 

2 

/''45 

4 (12) 

br 40 

3 ( 9) 

I 

frip 

3-3 (10) 

br 50 

3 ( 9) 


In Case II the probable error for direction varies from o to ± 8% and that for distance 
from o to ± 15%. 


Oar expectation that the acoustic field would be contracted more as the 
tw6 sources of sounds approached more to the median plane, and conse- 
quehtly the relative difference between the intensities of the sensations in 
the two ears would grow less, was realized by the second group of experi- 
mdhts. As to the forward and backward projection of the perceived 
sounds the above results resemble those of the first group of experiments, 
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where it was asserted that the cause of such forward and* backward localiza- 
tion must be sought in the equality of the relation between the intensities 
with which the sounds local^.ed in the two directions in question arc re- 
ceived by the two ’ears respectively. In a similar way we will say here 
that*the forward and backward projection in the experiments under con- 
ditions 3. and 4. originates in the resemblance which exists between the 
relative differences in the intensities with which the two sounds at the 




back are heard by the two ears and the relative difference in the intensities 
with which the t^yo sounds at* the corresponding points in front arc heard 
by the two ears, for bthenvise the sounds would never be localized both 
in front and in back in such a confused way as shown in the above tables. 


j. Previous Jnvesti^^atious, 

In going over a large number of monographs that treat of the localiza- 
tion of a sound as depending on the intensities yith which the vibratory- 
movements affect the two ears we find several that are of special 
importance. 

We must first notice Skebeck’s' computation of the intensities with 
which the air-v\bratipns from a sounding object reach the ears. 

Let us suppose that the right ear is turned to a sonorous body and the 
left toward a wall. Supposing the wave-length of the sound to be the 
equation of the vibratory movement will be 


y = a cos 


27 : 



where c represents the velocity of the propagation of the sound, / the 
time, y the extent to which an air particle is displaced at the moment /, 

'Sekbeck, Die Zuriickwerfung des Schultes^ Annalen d. Physik u. Chemie (Pog^n. 
dorff), 1846 LVXIII 465. 

3 * 
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a the maximum value of ^,'and r a constant time-value indicating the 
phase. If the time be counted from the moment at which the value for 
the direct wave is greatest in the right ear, then the vibration will -be ex- 
pressed by 


ct 

y ^ a cos 2 r y . 


The direct wave reaches the left ear in two ways. The first way is 
through the air whereby the sound-waves which have proceeded to the 
head are bent round to the ear. Let d represent the additional distance 
travelled by the sound-wave in reaching the left ear around the head 
after having arrived at the right ear. Then the vibration in the left ear 
will be expressed by 

ct—d 

y = — k a cos 27r , 


where the minus sign expresses the change in the phase and is a posi- 
tive number, which expresses the weakening of the sound due to the re- 
fraction around the head. 

In addition to the refracted portion the ear receives vibrations trans- 
mitted from the right side to the left ear through the solid parts of the 

head. If be the relation between this route and the wave-length — the 

latter being referred not to the air but to the solid bony substance, then 

-is a very small quantity for all usual tones. The second part of the wave 

in the left ear will be expressed by 

n • ' Ct--€ 

y” = / COS 27: r 


where i indicates the weakening which the sound suffers on this second 
route. If we add together these two components for the left ear, we have 

ct ^ d ct ^ e ct ^ 6 

y" = — cos 2 - - h ia cos 2 ?: — j — = pa cos 27: — j — , 


where 


and 




-f — 2 tk COS 27: - - ~ 

, // . / 

, >ecos 27: ^ t cos 27: • 

d A X 


cos 27: - = 


As for the reflected wave, it will be expressed for the left ear by 

iv ct / 

y' = ^ cos 27: — j — , 
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and for the right ear by 

jT = + qa cos 27r ^ , 

wh^ft the factor indicates the weakening of the sound and the 
change in the phase produced by the reflection, and / the distance from 
Ijie median plane of the head to the wall. 

If we now add the elements which proceed from the direct and re- 
flected waves ^ we obtain for the right ear 

/ = cos 2 + r, ) 

and for the left 

y = cos 2 IT + T,,^, 

where the phase diflerehces and do not concern us for the present 
purpose, but a^ and a^^ are determined by the equations 

== <1* ^ 1 ;f-/y + 2pq COS 2 

+ y + 2/^ COS 2 s j . 

These quantities give the intensities of the two physical sounds in the two 
ears respectively, for the latter are to be measured by the squares of the 
amplitudes. 

It should be in criticism that the direct transmission of the sound-waves 
through the skull is an utterly negligible quaiftity, but that the transmis- 
sion from one tympanum to the other through the skull is a very impor- 
tant, thdUgh ui\determinable, factor. 

We'must next consider Steinhauser’s theory of binaural audition.* 
He worked out on geometrical principles the laws which determine the 
relative intensities with which a sound will reach the two ears. Accord- 
ing^ to him the pinna acts as a funnel to conduct into the ear those waves 
of sound which in consequence of their direction reach but coqld not 
otherwise enter it. 

The regions of direct, indirect, and mixed hearing were distinguished 
according to the nature of the path by which the sound \^aves reach the 

5 

^ Stein HAUSER, The theory of binaural audition^ Phil. Mag., 1879 if) VII 
l8l, 261. (This is a translation of Steinhauser, Die Theoricd. binauralen Horens^ ^^ien 

1877.) 
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ears. In direct hearing the waves proceeding from the sonorous bpdy 
reach the ear in a straight .line and enter the auditory meatus directly. In. 
indirect hearing the waves proceeding from the source^ of sound do not 
reach the ear in straight lines, but after undergoing reflection from 
external objects. In mixed hearing the waves reach the ear partly 
directly and partly indirectly. 

The formula deduced by Steinhauser for direct hearing is as followsr: 
Let /? be the angle between the plane of the pinna and the line of sight, 
and a the angle which the line of sight makes with the direction of the 
sound ; and let and represent the relative intensities with which the 
sound is heard in the two ears ; then 

tan a : tan /3 : : : /‘i + • 

The direction in which a source of sound is situated may, therefore, be, 
according to Steinhauser, estimated by the different intensities with 
which a sound is perceived in the two ears. From the above formula the 
case can be deduced, in which . We have then tan a = o and 

hence a = o . This is the case in which the sound is just in the direction 
of the line of sight. 

If a source of sound is situated in the region of indirect hearing, no 
waves of sound can reach the surface of either of the pinnae directly ; the 
sound produced by the sonorous body can evoke a sensation as the results 
of reflection, provided we neglect the possible conduction of sound 
through solid bodies and by refraction around the head and pinnte. , Let 
a be the angle which the rays of sound make with the line of sight before 
reflection, the angle they make after reflection, and ^ be the comple- 
mentary of the angle which the line of sight makes with the surface which 
reflects the rays of sound then by a geometrical operation 

=2^ — a. 

That which is heard, therefore, indirectly in the direction a makes the 
same impression as that heard directly in the direction in which case 
whose value is dependent on may, without any change of the direction 
of the waves of sound, assume an indefinite number of different values, 
since the position of the reflecting surface may as well be any other than 
it is, or there may be many reflecting surfaces. 

If a source of sound is situated in the region of mixed hearing, then 
the* direct rays of soundi can reach only one of the two pinnse, while 
both may be reached by the indirect rays. Accordingly let be the in- 
tensity with which the direct rays of sound affect one ear, and the 
increment of that intensity due to the effect of reflexion. Let p^ be the 
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int^sity of the sensation in the right ear, due to the reflexion alone. 
Then, on summing up the indirect and direct effects, the following equa- 
tion is obtained : 

tan a = ^5 

^1 + i\ + Pi 

Hence, by calculation, we can find the angle within the region of direct 
hearing in which the source of sound is erroneously imagined to lie. 

StetnhausAr devised an instrument called homophone, wherewith to 
test his theory. It consisted of a system of wooden tubes for bringing to 
the ears the sounds of two organ-pipes tuned to unison, whose respective 
intensities could be regulated by stop cocks. It was held by its inventor 
to confirm his theory. 

The observation that by binaural audition the image of the perceived 
sound is localized apparently in the occipital region of the head was 
made first by Purkyne.^ In his experiments it was shown that when a 
tone was conducted simultaneously to the two ears separately by means 
of rubber tubes the acoustic image was not perceived in the ears, but was 
perceived in the occipital region of the interior of the head. 

An apparently similar localization of the sound in the occipital or 
frontal region was observed by several subsequent investigators, such as 
S. P. Thompson,* Plumaudon,* Urdantschitsch,* and Kessel.*^ 

PouTZER® emphasized the fact that for the perception of the direction 
of a sound the fact of binaural hearing was reipiisite. He made numer- 
ous experiments upon normal and abnormal persons and found that in 
monaural audition the sound was localized on the side of the open car. 
When a watch was moved in the horizontal plane and heard with one ear 
closed, the tick-tick was localized on the side of the open ear even when 
the watch was moved some distance farther to the other side of the me- 
dian plane. The perception of the position of the sound became more 
difficult when the sound was moved further toward the closed ear. In 
• the case of persons who suffered from diseases of the ears a similar 
error was observed, a mistake of i8o® for perceiving the direction of a 
souikI being often made. The diminution of the localizing power was 

^PURKY^fe, Prager Vierteljahresschrift, i860 III 94. 

2Thomi*SON, On binaural audition, Phil. Mag., 1877 (5) IV 274; 1877 ( 5 ) VI 2^3. 

SPLUMAUDON, The Telegraphic Journal, T.ondon, Sept. 1879. 

^ Urbantschitsch, Zur Lchre von der SchalUmpfindung, Arch. f. d. ges. Physipl. 
(PflUger), 1881 XXIV 574. 

®Kessel, Ueber die Function der Ohrmuschcl bei den Raumwahmehmungen, Arch, 
f. Ohrenheilk., 1882 XVIII 120. 

®P0LITZER, Studien uber die Paracusis loci. Arch. f. Ohrcnheil., 1876 XI 231% 
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observed also in persons who suffered from hard hearing of one or both 
ears. With many persons the mistakes of localization were first noticed 
when they were subjected to a special test. He ascertained also that m 
binaural audition the localization was especially defective for a sound in 
the median plane, where the source of sound was equally distant from 
the two ears. 

Thompson noticed, during his experiments on binaural hearing, an 
acoustic illusion due to the fatigue of the ear. One ^ar was fatigued by 
listening to a loud pure tone, and then the listener - tried to estimate the 
direction of a sound of the same pitch. If his left ear were fatigued he 
would invariably imagine the source of the sound to be further to the 
right than it really was, and likewise the reverse. The illusory displace- 
ment in the direction of the sound was greater as the fatigue was more 
complete. But as the sounds of different pitch have to stimulate differ- 
ent fibres of the basilar membrane of the cochlea, it would be expected 
that the fatigue produced by a sound of a certain pitch would have no ef- 
fect on the perception of a sound of another pitch. According to Thomp- 
.soN*s experiments, when one ear was fatigued with a fork no illusory 
displacement was perceived in an fork. 

Tarchanoff^ found that when telephones were held opposite the ears; 
and intermittent currents were sent through them, the perceived sound 
was localized in the median plane and that it was perceived outside the 
plane when there was the slightest difference between the intensities of 
of the two sounds. 

Urbantschitsch ^ found that when one and the same sound of a certain 
intensity was led into the two ears separately by means 6f a T tube, one 
group of his observers perceived the sounds as being in the right and left 
ears with equal intensities, whereas another group perceived the sounds in 
the right and the left temporal regions of the head. When the intensity 
increased, these two sounds seemed to expand and approached nearer 
to the middle of the head, being finally brought into fusion at a 
sufficient intensity. Sometimes besides the two sounds a third sound ' 
was observed in the center of the head ; the latter was perceived after 
repeated experiments or only when the observers paid special attention 
to it. A large proportion of the observers, when very attentive, per- 
ceived the sound — not in the ears but in the interior of the head. 
Finally, there were some observers by whom the sound was not gener- 
ally located in the head, but projected in front, to the back, or above. 

^Tarciianoff, St. Petersburger med. Wochenschrift, 1878, No. 43. 

^Urhantschitsch, Zur Lekre von dcr Schallempjindungy Archiv f. d. ges. Physiol. 
(PflUger), 1881 XXIV 574. 
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In regard to the intercranial localization there were some individual dif- 
ferences as to the distinct position of the perceived sound. Some local- 
ized it in the occijJital region of the head, others in the frontal region or 
in the forehead, while still others localized it in the nose or in the 
pharynx. Urbantschitsch’ asserted also that the degree of fetigue of the 
e^r could possibly be determined by observing the position of an acous- 
tic image. At first a very strong sound was conducted to one ear for a 
while ; then A^eake^ sound of the same pitch was conducted to the two 
ears simultaneously. The acoustic image for the latter case was found at 
first in the ear which was not fatigued and remained there for a few sec- 
onds ; then the image travelled gradually^ towards the median plane and 
at last was found at the centre of the head. Uruantschitsch explained 
the phenomenon in the following way. As one ear was very strongly 
stimulated in the beginning it was fatigued for some interval of time and 
the other ear, which was not stimulated, became relatively sharper. 
Consecpiently, when a weaker sound was conducted to the two ears 
simultaneously the sensation in the latter ear was evidently stronger and 
the perceived sound was located on the side of that ear. But the other 
ear began to recover gradually, and at the same time the sharper ear be- 
gan to be fatigued. As a result, the perceived sound l)cgan to travel 
towards the median plane and at last reached the center of the head 
when the sharpness of the two ears became the same. 

Kessel' performed his experiments by inserting tubes from a funnel 
shaped sound-receiver into the ears, thus excluding the action of the 
pinnas. 'Fhe sound of a tuning fork was conducted into the two ears by 
this apparatus. When the tubes were of the same length and were opened 
ecpially wide the ears were stimulated with the«ame strength and the re- 
sulting single sound was located in the median jdane of the head. If one 
of the tubes was more or less pressed so that the two ears were stimulated 
differently, then the sound was perceived in the ear which was stimulated 
more strongly. 

Kessel made another interesting experiment. According to him the 
principle of the localization of a sound on the side of a stronger excitation 
holJs good even in the case when one ear is not directly stimulated by 
the waves^ of the sound, but stipiulated by reflected waves. To prove this 
he hung a watch in the axis of a parabolic mirror ; the head of the qb- 
server was adjusted between the mirror and the watch so that the two ears 
were opposite them. Then the watch was so adjusted that the reflected 
rays, which were gathered at the focus, would stimulate the ear oppo- 

* KeSsel, Ueber die Function der Ohrmuschel bei den Raumwatlrnehmungeny Arch, 
f. ®hrenheilk., 1882 XVIII 120. 
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site the focus more strongly, in which case the sound was localized in* the 
direction of the mirror. If the watch was brought nearer to the ear on its 
side, so that the direct rays of the sound would stimiflate this ear more 
strongly, then the sound would be localized on the side of the watch? . 

Rogdestwensky^ one of Tarchanoff’s pupils, produced sounds at 
symmetrical points, and observed that the perceived sounds were local" 
ized in the head, breast and abdomen according to the difference in the 
height of the symmetrical points. 

To exclude the function of pne ear in perceiving the direction of a 
sound, Preyer^ made experiments by using a telephone instead of the 
snapper sounder. The intensity of the telephone sound was weakened 
by reducing the intensity of the electric current so that by stopping the 
ears the sound* could not be heard by the subject. Then one ear was 
opened so that the sound was heard by that ear only. The result of the 
experiments showed that under such conditions errors occurred which 
were not observed in ordinary perception, and it was often very difficult, 
even with a strenuous attention, to get rid of these errors. These errors 
were localisations on the wrong side. 

Similar experiments were afterwards made by Arnheim®. In his 
experiments the number of correct perceptions with one ear amounted to 
only 22^0 of the total, while with both ears it amounted to 39.7% (in 
Preyer’s experiments 30%). He noticed also a decided tendency to 
locate the perceived sound on the side of the open ear. 

Schaefer,* who had made elaborate experiments on the perception of 
the direction of sound in cooperation with Preyer, attacked a peculiar 
side of the problem at a later date, namely, the localization of beats and 
difference tones. His rcsQjlts may be summarized as follows. 

If the relative intensity of the primary tones is equal, then the beats 
appear to proceed from the region between the points at which, the two 
tones are situated whether they are on the same or different sides 'of the 
median plane. The localization of the beats in the median plane when 
the primary tones of equal intensity are situated on both sides of the 
plane, is a special ca.se of this general fact. S^^aefer thinks it clear that 
when the two forks are placed on the same side of the median plane* the 


t 

*Rogdestwensky, Ueher die Localisation der Gehorsempfindnngen^ Diss. 1887. 

* Preyer, Die^Wahmehmiing der Schallrichtung mittelst der Bogengiingc^ Archiv f. 
d. jges. Physiol. (Pfluger), 1887 XL 586. 

sAhnhkim, Beitrdge zur Theorie von Schallempjindungen mittelest der Bogengdnge, 
Diss., Jena 1887. 

♦Schaefer, Ueber dijc Wahrnehmung und Localisation von Schwehungen und 
Differeiiztdnen, Zt. f. ‘ Psych, u. Physiol., 1890 I 81. 
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beats are perceived more strongly by the ear on that side ; and that the 
Ijeats ar^e perceived by the two ears with equal intensity when the sources 
of the tones are found in the median plane. For sounds located on differ- 
* ent sides of the median plane it can be, according to Schaeker, mathe- 
matically proven that the intensity of the beats is equal on the two sides 
. w|ien the relative intensities of the primary tones arc equal, but on the 
contrary the intensity of the beats is stronger on the side of the stronger 
primary tone when Jhe relative intensities of the primary tones are not 
equal. Schaefer \s conclusion is that the beats will be localized on the 
side of the ear which is more strongly excited by them, but in the median 
plane if the two ears are equally excited by them. The further exact 
determination of the direction is dependent upon that of the relatively 
stronger primary tone. The localization of beats- is, therefore, governed 
by the same principles as the localization of simpler sounds, i. e., the 
localization on the side of the ear which is excited more strongly, and 
the localization of sounds in the median plane when the two cars are ex- 
cited with equal intensity. • 

As for the perception of difference tones, the localization is apparently 
contradicted by that of beats. • For when two forks of unecpial intensities 
are placed on the different sides of the median plane the difference tones 
are heard on the side of the weaker primary tone. This is not, however, 
really contradicted by the localization of the beats on the side of the 
stronger primary tone. For the localization of difference tones on the 
side of the weaker primary tone is based upon the fact that on this side 
the relation of intensity which is more favorable for the perception of the 
difference tones predominates, and the difference tones arc heard louder 
on this side, for if the left sound, for example,,is relatively stronger, the 
left ear is made physiologically deaf’* for the sound coming from the 
right side, and thereby the perception of the difference tone is made im- 
possible. Difference tones arc, therefore, localized after all on the 
side of the ear which is excited more strongly. As for the median locali- 
*zation of the difference tones, the result is similar to that of the beats, 
for when the two primary Jpnes of equal intensity reach the ears from the 
two sides of the median plane either by air transmission or by cranial 
conduction, the difference tones are localized in the median plane. 

Finally, one more phenomenon which was emphasized by Schaefer ' 
is to be mentioned. If a fork be placed on the top of .the head the 
sound will be localized in the median plane, but it will shift Jto 
one ear if that ear be closed. Schaefer explained, this phenomenon 

' Schaefer, Ein Versuch uber die intrakraniellc LeitunglHses tar Tdne von Ohr zu 
Ohr, Zt. f. Psych, u. Physiol, d. Sinn, 1891 II ill. 
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in the following way. The -osseous parts of the auditory apparatus, 
the tympanum, and finally the air in the external auditory tube* will be 
put into vibration by the waves which the sound produces in the laby- 
rinth by means of cranial conduction. In this case, therefore, sound pro- 
ceeds in just the opposite way to the usual one, where it passes from the 
air into the ear. Now, if we close the ear with the finger, the tympanijm 
will be put into stronger vibration on account of the reflexion of the 
waves from the finger. Consequently the component,soun^ is stronger in 
the closed ear and the perceived sound will appear to shift from the 
median plane toward the side of the closed ear. The same effect will 
be produced if we apply a resonator to the ear either by holding by 
fingers of by supporting on a stand. To this same class belongs another 
phenomenon which is noticed by many persons of normal hearing. 
When we sing loudly a low tone like the German u ** and stop one ear, 
but not very tightly, the tone will move from the initial position in the 
larynx to the stopped ear, but it will move again to the median plane in 
the ititerior of the head if the other ear is stopped in the same way. 

Bloch ^ investigated both binaural and monaural localization by meas- 
uring the least noticeable change in the position of sounding body. His 
conclusion runs as follows. 

The most important function of binaural audition is the perception of 
the direction of a sound ; the perception of direction is more accurate in 
the horizontal and in the frontal planes than in the median plane ; in the 
former two planes the localization is based chiefly upon the relative dif- 
ference between the intensities of the sounds heard by the two ears, and, 
secondarily, upon the change in the intensity of the perceived sound 
which arises from the influence of the pinnae ; and in the median plane 
the action of the pinnae which collect the sound-waves into the auditory 
meatus is the chief condition for the localization of sounds. 

These investigations make it clear that the relatipfi of intensity between 
the two components of a sound heard by the two ears is a fundamental — 
or the fundamental — factor of localization in regard to direction. My 
own work, reported in this section, aimed to further define this factor 
and its eflect. 

IIJ. Localization of the perceived sound at the middle point 

BETWEEN the SOURCES OF TWO OBJECTIVE SOUNDS. 

In, the foregoing experiments the two telephones were restricted to the 
same primary plane at two points. 


1 Bi/x:h, Das binaurale Hdren^ Zt. f. Ohrenheilk., 1893 XXIV 25. 
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In* the following experiments the telephones were placed at various 
pbints on the surface of the spherical cage (Fig. i). 

{a) One of two telephones was situated in the median plane and the 
• other dn the frontal plane. The two telephones were placed at a same 
level. The physical intensities of the two sounds were kept as far as pos- 
sible equal and constant during the experiments. The positions of the 
two telephones were as follows : 

Tahle XV. 

Number of position. Position of the two telephones 


I 

fo and 

ro 

2 

fo “ 

lo 

3 

fit “ 

ru 

4 

fit 

hi 

5 

bo “ 

ro 

6 

bo ‘‘ 

lo 

7 

bn “ 

ni 

8 

bn “ 

lu 

9 

/ “ 

r 

lo 

/ “ 

1 

II 

b “ 

r 

12 

b “ 

1 


On the one hand, if a sound comes from the median plane only, the 
two ears will be stimulated equally, and consequently the perceived sound 
will be located in the median plane. On the other hand, if a sound comes 
from the frontal plane only, the two ears will be stimulated with the max- 
imum relative difference in intensity, so far as the sounds at a same level 
are concerned, and consequently the perceiv<;d sound will be located 
nearly in the frontal plane. Now, if the two ears arc stimulated simulta- 
neously, as in our experiments by the two sounds situated in the above 
two planes, the AlaiiOn between the intensities of the sounds heard by the 
two ears will be just like the relation between the intensities with which 
*the two ears hear a sound coming from the plane which lies just between 
the above two planes. The perceived sound may accordingly be expected 
to b5 located in the plane between the median and frontal planes. More- 
over, in our experiments, as the two telephones lie on the same levfel the 
perceiveef sound may be expected to be mostly localized on that level! 

These expectations were fully realized by the actual resists which are 
given in Table XVI. Mr. K. Matsumoto, a graduate student of psy- 
chology, and Mr. T. Nakashima were the subjects of the experiments. 

To make the comparison between expectation and realization 
easier,’! have arranged the results as in Table XVII. The symbols in 
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Table XVI. 

Localization. 

Observer T. N. Observer K. M. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 


for, for, for, fo{r), o{r), 
fur, 

fol, fol, fol, 0, o{b), 
b{o)l. 

fm* fur, fur, fur, (f)ur, 
bor (/’). 

fill, ful, ful, ful,ful, 
til, b[tt)l. 

bor, bor, 

for, for, fo{r), fur. 

bol, bol, b, 0, 
ful, ful, (/)«/. 

fur, fur, fur, fur, 
ur, 

bill, bill, {b')ul. 111, 

{f)ul. 


/ A A 

f{k), fo(r){k). Hr) 


/</>/{«)> ^' 0 ^’ 

br, br, br, bor, bor. 


b(k), b ox f 

bl, I, b, bol{k), bol. 


12 /. 


for, {f)or, o{r) o, o{b), 
bor (> 6 ). 

fol, ol, ol, ol, o{^b), 


fur, fur, 
bor, bor, b{^u)r^ 

ful, ful, 
bol, bo[J^, bol. 

bor, bori^k), bori^k'), 
fqr.fo, o{k). 

bol, bo, bo, lo, 0, 
bo, fol. 

bur, bur, bur, bur, {^b^ur, 
hor, hor, ho, ur. 

bill, bill, {b)ul, til, 
bol, bol. 

bor[k), bor[k), bor. 


Tablk XVII. 



A 

B 

c 

D 


Expected 

Usual 

Occasional 

Rare 


localization. 

^^localization 

localization. 

localization. 

1 

for 

for 

bor, bur 


2 

fol 

fol 

bol 


3 

fur 

fur 

bur, bon 


4 

ful 

ful 

bul, bol 


5 

bor 

bor 

for 


6 

bol 

bol 

ful 


7 

bur 

bur 

fur 


8 

bul 

bul 

bol 


9 

. A 

fr 



lo , 

fl 



1 for, bor 

II, 

br 

br 


bol 

12 

bU 

bl 

fl 

bor 


colufnn A shoiy the directions in which the perceived sounds are theoret- 
ically expected to be localized ; the symbols in column B the direc- 
tions in which riiost of the perceived sounds were actually localized, and 
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the ^mbols in columns C and D the directions in which the perceived 
sgunds were sometimes localized. The striking correspondence between 
A and B proves the correctness of our view. It is also very interesting 
to note that the perceived sounds were sometimes located in the direc- 
’tions in column C instead of the directions in column B, There is a 
reasonable justification for such localizations. When we are stimulated 
b5^a sound from the median plane the intensities of the sounds heard by 
the two ears are equal whether the sound is situated in front or in back. 
Subjective disccimiiftition between front and back is, as we will see 
later, based chiefly upon the difference in absolute intensity, for the 
sound coming from the front is heard more strongly than the same sound 
from the back. So if the sound from the front in the median plane be 
weakened during the experiment by fluctuation of the electric current, 
while the ears are stimulated at the same time by the sound in the frontal 
plane, it will be quite possible that the relation of intensities will be like 
the relation of intensities with which the observer hears the sounds from 
the frontal plane and from the back part of the median plane. In such 
a case the observer may locate the sound to the rear instead of loca- 
ting it to the front. This appears to be the reason why in the above ex- 
periments the perceived sounds were sometimes located at bor or bol 
instead of for or fol\ at bur or bill instead of fur or fuL For the 
similar reasons the perceived sounds were located at ful or fur instead 
of bill or bur\ and at fl instead of bL These results agree with the con- 
fusion between front and back which we have frequently observed in our 
previous experiments. 

Besides the confusion between front and back we find here another 
kind of confusion ; above and below are sometimes confused with each 
other. In the above experiments the observer focated the sound at fur 
when for was expected ; at bor or bol when bur or bul was expected. 
This kind of coijfusiqn can be explained by the function of the pinnte. 
It is found that on account of the peculiar shape of the pinnje a sound 
foming from ro or lo is perceived by the two ears with almost the same 
relative difference of intensity as a sound coming from ru or lu and a 
soun^ coming from fu is perceived with almost the same intensity as a 
sound coming from fo. So when we are stimulated simultaneously by 
sounds coming from fo and ro it is quite possible that the relation be- 
tween the intensities of the sounds in the two ears will be like the relation 
between the intensities with which the sounds coming from fu and ru are 
heard by the two ears. In such a case the perceived sound may. be* 
located at fur instead of for. Moreover, the fluctuation in the electrical 
current.will have some effect in producing the confusidn. .Such being the 
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fact, we have reasonable justification, under the above condition^, for 
occasionally localizing the perceived sounds in the directions in column C. 

As for the localizations of the sounds in the directions in column Z>, 
they occurred very rarely and could be ascribed both to the inaccuracy 
of the experiment and inattention of the observer. 

(/5) The localization of the perceived sound at the middle point between 
the sources of the two component sounds is not restricted to the case in 
which the components sounds are put in the primary ])lanes and at the same 
level. In the following experiments I placed two tomixonent sounds at 
different levels and one of them in a secondary plane, namely, one tele- 
phone was placed at the terminus of a secondary axis in the horizontal 
plane and the other telephone was placed at the terminus of a secondary 
axis in the frontal or median plane. The objective positions of the tele- 
phones were, therefore, as indicated in Table XVIIl. 



Table 

XVllI. 


Number of 

Positions of the 

Number of 

Positions of the 

position. 

two telephones. 

position. 

two telephones. 

1 

/r and ru 

9 

fr and ro 

2 

r “ fu 

lO 

fr “ fo 

3 

Jl lu 

II 

Jl “ lo 

4 

ft “ /« 

12 

Jl “ fo 

5 

br ** ru 

13 

br * * ro 

6 

br ** bu 

14 

br “ bo 

7 

bl “ lu 

15 

bl “ lo 

8 

bl ** bu 

i6 

bl “ bo 


The experiments were made upon T. N. and the results were as 
jgiven in Table XIX. 


Table XIX. 

Localization. Localization. 


fr, fr, fr, fr, fr, fr. 

n 

Ao)r, J{o)r, fo)r. 

9 

fr,Jr,fr.J,-. 

fr{u), bur{k). 

lO 

Jo{r\ fo(r), f{or). 

fr, fr, fr, fr, fr. 

Ar),fr. 

/(«). /(“). /(»)./(«) 

II 

Au)l, Au)l, l{u). 

/(te), Jl. 

A A- 

7?(«). /(«). /(«). 

12 

A^AAkk), {f)f, o{i). 

AAA 

A A 

br(u), ru{i), ru(i), 

13 

{b)ur, {b)ur, (b)ur,'f{u)r. 

br, br, r(b). 

bur, br, br. 

bur, hur, (b)ur, b{u)r. 

H 

b(u)r, bu{k), b{uk), b{k). 

br[k)t br. 

b,botf. 

bul^ buly buly b[u)ly 
bl. 

IS 

(/)«/, !«, It, 

buly but y' billy ^fUly 
bul{k)y b(l). 

i6 

b{u)i, bu, b(i). 
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As the two telephones were situated at different levels, the localization of 
the perceived sound at the middle point between the sources of the two 
objective sounds was not so clear as in the preceding experiments. Still 
the results were in conformity with the preceding results, for the per- 
•ceived ^ound was localized or tended to be localized at the middle point. 

I have already mentioned that a sound coming from ro^ lo^ fo or bo 
is perceived by the two ears with almost the same intensity as a sound 
coming from ruju,fu or bu respectively. This is the reason why the 
perceived soun^J was* sometimes located under the above conditions at a 
point on the same side at 90® away from the middle point between the 
sources of the two component sounds, i. e., at the corresponding point 
in back instead of front, above instead of below and vice versa. 

(r) In the preceding two groups of experiments the two objective 
sources of sounds were kept unmoved during the experiment. If the per- 
ceived sound is located under such a statical condition at the middle point 
between the two objective sounds it may also be expected that if the 
two sounds are moved continuously during the experiment the per- 
ceived sound will move, too, in the direction resultant to the two direc- 
tions along which the two sounds are moved. 


Table XX. 


Directions in which the two 
telephones were moved. 


I 

nr 

2 

Hr 

3 


4 

u Yf 

5 


6 

f{r 

7 

Hr 

8 

j ( bjir 
iA r 

9 * 

f\% 

10 

H% 

11 

Hi: 


b 

Ibu 


13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 


Directions in which the two 
telephones were moved. 

Hr 

Hr 


' !/• 

Hr 

j'Y-' 

, , C bol 
A 

j f C bol 


12 


24 
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This was the subject of the next experiments. As is show in TaJ)le 
XX the two telephones were started from one and the same point of 
the horizontal circle, and then one telephone was moved along the hori- 
zontal circle while the other was moved along one of the two vertical 
circles downward or upward. For example, the telephones were' sta:rted*’ 
at fl and one was moved toward ful while the other was moved toward /. 
The experiments were made upon T. N. 

Table XXI gives the results of the experiments. The expressions in- 
dicate the directions in which the sound appeared to moAje ; for example, 
jl-fu indicates that the sound appeared to move from ji to fit. 

Table XXI. 


Direction in which the perceived Direction in which the perceived 

sound moved. sound moved. 


f 

/-/“./-/"./-A/-/. 

I 5 

fr-fo,fr-fu. 

1 


* J 

/'•-/./'■-/.A-/, fr-for. 


Jl-lu, fl-lu, fl-l{ u ) , fl-h. 

\ A 

fr-ro, fr-ro, fr-r{u), 

A 

fl-l. 


fr-r, fr-r, fr-r{k). 


biSU, 6l-iu, bl-bu, bl-bu. 


br-bUy 

3 

bt-b. 

15 

br-by br~h(^k')y hr-b^f) 


bl-lu, bl-lH, bU, 

« 

br-niy br-^u or br-r. 

4 

bl-l, bl-l. 

10 
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When one of the two telephones was moved along the horizontal circle 
apd the other was moved downward (j. e. , cases i to 1 2 ) the souijd appeared 
to move in a direction resultant to those directions along which the two 
telephones ^ere moved. The results can be explained by the relative and 
absolute differences in the intensities of the sounds in two the ears. If 
one telephone moving from fl, fr, bl or hr to fox ^ as in i, 3, S, 7 were 
to act alone the relative difference in the intensities of the sounds in the 
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mo ears would decrease gradually, and consequently the sound would be 
j^erceived to move from the secondary vertical plane towards the sagittal 
plane. On the other hand, if the other telephone moving downward 
were to act alone, not only the absolute intensity of the sound, but also 
thfe refative difference between the intensities of the sounds in the two 
ears would grow less and less, and consequently the sound would be per- 
ceived to move downward along the secondary vertical circle. Then, if 
these two sounds were to act at the same time, the relation of the inten- 
sities of the soiMnds in the two ears would be like the relation of intensi- 
ties with which a sound moving in the resultant direction would be heard 
by the two ears. Therefore the sound appeared in i, 3, 5, 7 to move 
in the resultant direction. In 2, 4, 6, 8, 9, 10, ii and 12 the rela- 
tive difference increased gradually, for one sound was moved along the 
horizontal circle more towards the auditory axis, while the other sound 
was moved downward. Accordingly the sound appeared to travel more 
towards the side and at the same time more downward, i. e., along the 
direction resultant to those directions along which the two sounds were 
moved. 


In the cases 13 to 26 one telephone was moved along the horizontal 
circle and the other was moved upward. In these cases it would be ex- 
pected that the perceived sound would travel as 


before along the resultant direction. The re- 
sults were quite perplexing, for though the 
sounds were sometimes perceived to travel along 
the resultant direction most of them were per- 
ceived, as shown in the Figure 17, to move 
downward along the direction nearly vertical 
to the resultant direction. In the figure 0 / 
and d?//are the directions along which the two 
telephones were .pioved ; OA is the direction 
nearly resultant to tlie above two directions ; 



Fin. 17. 


OB is the direction along which the perceived sound sometimes appeared 


to move. 


Th^ explanation is not hard to find when we consider the fact that both 
the absolute intensity and the difference in the relative intensities become 
less and less when a sound is moved along the vertical circle upward. 
This decrease in intensity can be interpreted as the effect of the motioh 
of the sound either upward or downward. If the former interpretation 
be taken the sound will be judged to move along the resultant direction, 
while if the latter be taken the sound will be judged to move along 
the direction nearly vertical to the resultant. AcV;ordingly, the ob- 
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server may perceive the soilnd to move sometimes in one direction apd 
sometimes in the other. But we must note here that the confusion is noj: 
restricted to the case in which the sound moving upAvard is taken for a 
sound moving downward, for sometimes the opposite happened as in i 
and 2, though not frequently. We must conclude that the upward and 
downward directions, under the condition of our experiments, are liable 
to be confounded with each other, owing to the similarity of the relation 
in the stimulation of the two ears. 

The results of the experiments in this section tend to ^ow that : ( i ) 
two component sounds of equal intensity at the same or different levels 
will give in combination a localization at the middle point between the 
two points at which the components are placed; (2) two component 
sounds of ecpial intensity which start at one and, the same point and 
move simultaneously in different directions will give in combination a 
localization in the direction nearly resultant to the two directions along 
which the components are moved; (3) an occasional localization, under 
the above conditions, at the corresponding point in back instead of 
front, above instead of below and vice versa, arises from the confusion be- 
tween front and back, above and below. All these localizations can be 
explained by the principle of relative and 'absolute intensities. 

IV. Confusion between front and tack. 

When a source of sound is situated in the median plane the intensity of 
the sound heard by one ear is ecjual to that of the sound heard by the 
other ear. if the sensitiveness is the same for both ears; this true 
Avhether the objective sound is situated to the front or to the rear. 'J'his 
is the cause of the confu.yon between front and back. 

Ambiguity of the judgment as to whether a sound which is not in the 
median plane is to be localized in front or in back can be explained in a 
similar way. To one side of the observer and probably nearly in the 
auditory line there must be, as w^as noticed by Rayleigh, ‘ one direction in 
which the ratio of the intensity of a sound as heard by one ear to the in-* 
tensity of a sound as heard by the other ear has a maximum value which is 
greater than unity. For sounds situated in directions in front of this the 
ratio* of the intensities has a less and less value, approaching unity as its 
lidiit when the sound is immediately in front. In like manrfer, for di- 
rections intermediate between the direction of maximum ratio and that 
irnmediately behind the observer, the ratio of intensities varies continu- 
ously between the same maximum value and unity. Accordingly, for 

* Rayi.kigH, A^ousti^al observations^ Phil. Mag., 1877 (5) III 456. 
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every direction in front there must be a corresi)onding direction behind 
for which the ratio of intensities has the same value ; and these two di- 
rections are liable to be confounded with each other. The only direc- 
tions^ as to which there is no ambiguity are the directions of maximum 
ratio itself, namely, right and left. 

This view has been partly substantiated by the results of the foregoing 
Experiments, but to make matter clearer I submitted it to the test of 
special experiments. 

Two teleplfones were placed at fr 45° and br 45° on the same side of 
the observer at a distance of 60*^'“. A short sound was to be given by one 
of them and the observer (Mr. K. Miiira), a student of law, was to 
localize the sound. The intensity of the sound could be changed, as be- 
fore, by means of the sliding inductorium. When the sound was of 
moderate intensity the observer could generally distinguish whether it 
came from the front or the back. But when the sound from the front be- 
came very weak he was liable to perceive it in the back, and projected it 
backward more towards the median plane when it grew-weaker. Even 
when the sound from the front was of considerable strength he was 
sometimes liable to project ,it in the back. As for the sounds coming 
from the back, they were mostly projected in that direction. 

A similar kind of experiment was made by using a watch instead of a 
telephone. The observer was seated, with his eyes closed, in the middle 
of a large room on a*still evening. A watch was held at fr 45° or br 
45° at a certain distance, and the observer was to tell the direction of 
the .sound. In this case the result was the reverse of that for the tele- 
phone experiment. For here we found that the sound coming from the 
front was never localized in the back, while tjie sound coming from the 
back was frequently liable to be localized in the front, especially when 
it was fnore distant. In respect to the latter point there were some in- 
dividual differences. • One person projected almost all the ticks of the 
watch in front. Another person projected the ticks in the back when 
“ the Avatch was held at the distance of 50'’“', while he projected them in 
front quadrant when the watch was held at the distance of loo*’*". The 
general results of these experiments were, therefore, that when the sound 
coming from the back was situated near the ear, and was consequently 
stronger,* the relative difference between the intensities of sensations in 
the two ears being also greater, it was generally localized^ in the back ; 
whereas it tended to be localized in front when the sound was mote, 
distant and was consecpiently w^eaker, the relative difference between the 
intensities being also smaller. In the latter case^the perceived sound 
tended to be localized more towards the median plane in front whp n the 
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objective point of sound was more distant and consequently the relative 
difference between the intensities of the sensations in the two ears was* 
smaller, and it tended to be localized more towards Ae side when the 
objective point of sound was less distant and consequently the relative 
difference was greater. 

Rayleigh conducted an experiment of similar kind by using two 
256 v. d. forks and resonators, the observer being placed between 
them. At a given signal both forks were struck, but only one of them 
was held over its resonator. The observer was required^ to keep his 
head perfectly still, a very slight motion being sufficient inikmany cases 
to give the information that was previously wanting. In these experi- 
ments the observer facing north made mistakes between forks bearing ap- 
proximately north-east and south-east, though he could distinguish 
without a moment’s hesitation forks bearing cast and west. 

In connection with the above I may mention another kind of experi- 
ment which I conducted. From the fact that the perceived sounds were 
located in the median plane when two sounds were placed at symmetrical 
points on two sides, one on each side, I thought it possible that the same 
results would be obtained if two sounds were placed at diagonal points- 
of the horizontal circle, for the relation of intensities of sounds received 
in the two ears might be ecjual in the latter case to the relation of the in- 
tensities of sounds received in the two ears in the former case. So I 
placed two telephones in the horizontal plane in six combinations such 
as: (1) r22.5° and /i57-5°; (2) ^45° and / 135° ; (3) ^67.5° and 
/ii2.5°; (4) rii2.5° and /67.5° ; (5) /'I35° and 745°; (6) 
r 157.5° and / 22.5°. I found that under these conditions the localiza- 
tion of the perceived sound in the median plane was not so striking as 
was the case when the two sounds were placed at symmetrical points on 
the two sides of the median plane, one on each side, for though the ob- 
server located the perceived sounds at b or nearly at b for (2), (4) and 
(5) and at /or nearly at /and sometimes at ^ for (6), yet he located the 
sounds for (i) and (3) outside of the median plane. The results ran as 
follows: in case (i) the localizations were b or for^ within the head 
{bor)y within the head (for), within .the head (r) ; in case (2) they 
were Within the head {b), within the head {b), within the head 
by or r\ in case (3) they were b or r, /?, Vyfr 65°, /'65°, r\ in case 
(4) they were, by by by b («) ; in case (5) they were by by within the 
IjCMd {b)y b (/), within the head (r), fly fl\\n case (6) they were /, /, / 
or ^, /(/),/(/),/(/). 

On account of the comparative irregularity of these results I was doubt- 
ful whether the ifatensities of the sounds heard by the two ears under these 
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colicfitions were equal as I had at first thought. At any rate it was evi- 
dent from these results that there was a possibility of finding two points in 
diagonal quadrants (i. e., quadrants at opposite ends of the same axis), 
pne 4 n each quadrant, which in combination will give a localization in 
the median plane. I learned afterwards that this possibility had been 
realized in the experiments conducted by MCnsterberg and Pierce ‘ 
from which we can also conclude that the intensities of sounds heard in 
the two ears undei; the above conditions could not be regarded as exactly 
equal. From their experiments w'e learn that for any given point in either 
of the two^iuadrants upon one side of the median plane a point can be 
found in each of the two quadrants on the opposite side which in combi- 
nation with the first will give a localization in the median plane at o° 
or i8o°. For example, a sound at r 45° will give 0° or 180° not only 
with its symmetrical / 45°, but also with a sound in the left back quad- 
rant. Thus, for one of their observers B. r 45° gave 0° with / 105°, for 
another observer M. with / 115°, for W. with / 130°, for P. with / 140°, 
for N. r 45° gave 0° with i 45°, but 180° with / 130°, and for R. with 
/i2S°. 

MOnsterberg and Pierce regarded this as a special case of the more 
general principle : that for any given point in either of the two quadrants 
upon one side of the median plane a point can be found in each of the 
two quadrants on the opposite side which in combination with the first 
will give the same subjective localization. Thus their observer B. located 
r 10° + /iio°and no® +/70® at /20®; r 50® + /lo® and ^50® -f I 
130® at r2o®; noo® -f /50® and noo + Ziso® at 125®; n2o® + 
/40® and /'120® + /loo® at ;'4o®. The results were similar with other 
combinations. Again, according to them, very similar to this principle 
is the fact that different individuals at different times locate a given 
combination in two different quadrants. Thus B. locates o® + / no® 
at /6d® and again at /130®; ^30® + /no® at /40® and /160®, etc. 
We may give the following as an illustration of the individual differences : 
sounds at o® -f r 135® by B. ^'25°, by M. r 65®, by P. ri6o®; sounds 
at 0® -f- r 160® by B. 170®, by M. r 75®, by P. no®. The basis of 
th&e differences lies, they say, in the fact that not only o® and 180®, 
but also other points before and behind, are confused when are 
sounding in a combination. In the example o® -f r 135®, for instance, 
the judgment 65® represents the middle ; r 25® represents the middle, 

^ 135° is confused with the corresponding sound from the front at 4^^ 
and r 160® represents the middle, if o® is confused with 180®. Just so 


MIJnsterberg and Pierce, T/ie localization of sound, Psychol. Rev., 1894 I 461. 
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with o® + ri6o®, riyo® results if o° stands for 180° ; and no® Ifr 
20° stands for r 160®. 

All the foregoing results show that for a point given In the front quad- 
raht a corresponding point can be found in the back quadrant on the 
same side of the median plane, which is liable to be confused with the 
first ; and that the ambiguity or uncertainty of the judgment as to fronf 
and back is based upon the similarity which exists between the relation 
of stimulation of the ears by a sound in one quadrant ^nd the relation of 
stimulation of the ears by the same sound in the other quadrant. 

The discrimination between front and back seems to be*based upon 
the absolute intensity, pitch and duration of the sound, to which the 
tactual sensations of the pinnce and head may give some help, though 
the latter can not be made clear by experiment. The dependence of the 
discrimination upon the former was investigated by Bloch,' as far as the 
discrimination between /and ^ is concerned. We can accept his results 
without further discussion, though they may not be applied to the dis- 
crimination between front and back in general. They are as follows. 

Bloch gave sounds at f and b respectively and made his observer judge 
from which of these two directions the souifds came. The results show 
that the correctness of judgment depends upon the pitch, intensity, dura- 
tion and distance of the sound. When he used a tuning fork of 220 
V. d. it seemed clear in general that a loud and long sound at the dis- 
tance of i"* was correctly judged as well in front as in back. A weak and 
short sound was not always localized correctly, A sound of greater inten- 
sity and duration — i. e.,a sound of stronger acoustic excitation — made 
the perception of the direction in the median plane easier. When Bloch 
made similar experiments with a pipe having a pitch of (1188 v. d.) 
the sound at a greater distance was localized better. When the distance 
of the sound increased the sound at the back appeared considerably weak- 
ened and the discrimination between front and back became easier. In 
the median plane a higher tone was localized better than a lower one. 
Again when the click of a snapper sounder was given at a distance of 
2.4” a weaker tone tended to be located more in back and a stronger 
tone more in front. With the increase of the intensity of tone the num- 
ber of the /judgments increased and the number of the b judgments de- 
cre^ised, or with the decrease of the intensity of tone the number of the 
/judgments decreased and the number of the b judgments increased* 
learn by experience, says Bloch, that a certain sound is perceived 
with less intensity when it comes from the back than when it comes 
from the front. Accyjrdingly when the direction of the sound is not 


* BLOgn, Das binaurale Horen^ Zt. fiir Ohrenheilk., 1893 XXIV 25. 
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clear we tend to locate a stronger sound in front and a weaker one in 
back. 

In connection with the experiments on the confusion between front 
apd back othyr experiments of somewhat similar kind may be men- 
tioned. We have already seen that the value of the relative difference 
between the intensities with which a sound is heard by the two ears 
varies according to the direction of the sound. But the direction 
of the sound seems ^not to be the only condition upon which the change 
in the relative difference depends, for this difference seems also tb de- 
pend upon tlte absolute intensity of the sound. In other words, this value 
seems to change, other things being equal, when the intensity of the sound 
changes. It has been a well-known fact since Fechner’s ‘ experiments that 
when two unison forks are held before the two ears respectively and 
one of them is more strongly sounded than the other, the single resulting 
sound appears to the subject to be heard entirely by the ear on the side 
of the stronger component. The ear which receives the weaker sound is 
said to become more or less ‘‘physiologically deaf.* ** It seems to me 
that this “ physiological deafness** of one ear becomes relatively 
greater when the sound received in the other ear grows stronger, And 
thereby the perceived sound tends to be projected much more towards 
the side on which the source of stronger sound is situated than when a 
sound of weaker intensity is used. The following experiments were 
designed to make this point clearer. 
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Two telephones were situated on the right side of the observer. One at 
6o° to the front and the other at 6o® to the rear. The wires for the lat- 
ter were connected with the secondary coil and the wires for the former 
with the primary coil of the sliding inductorium. In each experiment 
the intensity of the sound in front was kept constant, while that of the 
sound to the rear was varied. The subject of the experiments was C. 
W. Table XXII gives the results. 

Figure i8 shows the results graphically. • The 
perceived sound was gradually placed more to- 
wards the back as the sound to the rear grew 
stronger and consequently the relative difference 
became greater. The gradual change of the an- 
gular magnitude of the localized position of the 
perceived sound corresponding to the gradual 
change in the intensity of the sound to the rear is 
shown in Table XXII. An interesting point is that 
when the sound to the rear reached its maximum 
intensity — ^and conseciuently according to our view the relative difference 
between the intensities of the sensations in the two ears became great- 
est — the perceived sound was located at 8o®. Experimentally it 
seems to be the fact that when the relative difference is greatest the per- 
ceived sound is in general located somewhat to the rear of the visual 
right and left line. 

Similar results were obtained when the experiment was conducted by 
placing telephones on the right side of the observer at 30° both in front 
and to the rear. Table XXIII gives the average results. 
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"Figure 19 shows the results graphically. As the sound heard by 
the right ear grew stronger the perceived sound was located more towards 
the side. But as the value of the relative difference between the intensi- 
• tie? of the sensations perceived by the two ears . 
was smaller in this case than in the last expcri- | 
ment, the perceived sound was never /ocated so 
near to the auditory axis, 

V. PjErception of distance. - • ...R 


The dependence of the perception of the dis- 
tance of a sound upon its intensity has already 
been observed in foregoing experiments, though | 
attention has been paid chiefly to the perception 
of the direction. In this section particular con- 

sideration will be given to the perception of distance with a view to 
determining under various conditions the relation between the intensity 
and distance of a perceived sound. 

I . Dependence of the change^ in the distance of a perceived sound upon 
the change in the intensjty of the component sounds. 


Two telephones were situated on both sides at r 90° and 1 90°. The 
wires from both telephones were connected with the secondary coil of 
the sliding inductorium. In this experiment it was requisite to make the 
intensities of the two component sounds equal in every respect at each 
distance of the secondary coil. This was done with a fair approximation 
to correctness. The subject of the experiment was C. AV. In this sub- 
ject the left ear was sharper than the right ear. Taking this fact into 
consideration we could not expect that the subject would locate all sounds 


Taiile XXIV. 
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which he perceived strictly in the median plane. It would be 'more 
probable that when the intensities of sounds were weakened the observer 
would project the perceived sound* a little towards the 
left of the median plane. 

A current of amperes was used in the primary 
circuit and the sounds were given in an arbitrary order.. 
The average results of three experiments on each point 
were as given in Table XXIV. Figure 20 shows the 
^ results graphically. 

When the same, experiment was repeated with a cur- 
rent of 2 amperes the average results of three experi- 
ments on each point were as given in Table XXV. 
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Figure 21 shows the results graphically. In both experiments the 
perceived sounds were located in the median plane, though when the 
sounds grew weaker the effect of the left sound became 
relatively stronger and the perceived sound tended to be 
localized a little towards the left of the exact mfedian 
plane. The distance of the perceived sound gradually 
increased as the intensity of the component sounds grew 
gradually weaker. 

When the same experiments were repeated and the 
sounds were given in ascending or descending order the 
results were more regular, but not much different. 

The results show that in the case of a familiar sound 
fche judgment of its distance is based upon the difference in intensity. 

A fact analogous to the results of these experiments is found in optics 
where the differencf in distance is judged by the apparent magnitude of 
dbjepts familiar to the sight and of known size. 



Fig. 21. 
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2. Relation behueen the perception of distance of a sound ana its intensity. 

In the preceding experiments we have considered the change in the 
distance of the perceived sound which depends upon the change in the 
intensity of the telephone sounds owing to the change in the intensity of 
the electric current. By this method the quantitative relation between the 
(listafice of a perceived sound and the physical intensity of the sound 
cannot be found, for it is very difficult to measure the change in the in- 
tensity of a sourd, either absolutely or relatively, as depending on the 
change in the intensity of the electric current. To obtain a quanti- 
tative relation I was, therefore, compelled to change the intensity of 
a sound by changing the distance of the sounding body. By that 
method the relation between the change in the perception of distance 
and the change in the intensity of a sound could be more easily es- 
tablished, for the intensity of sound-waves diminishes according to 
the law of inverse square of distance. I could not perform the ex- 
periment for a greater distance than 8 feet, for the 'cloth chamber 
within which I was compelled to execute the experiment to avoid re- 
flection of the sound was a cube of 6 feet, the diagonal being about 8.5 
feet long. The subject was seated in a chair in one corner of the 
chamber. A tape measure was stretched from that corner to the opposite 
corner on a level with the top of the head of the subject ; the head was 
adjusted by a support in such a way that the tape measure would run in 
the median plane of the head. The point of the measure at which it 
was intersected by a perpendicular drawn from the middle point of the 
imaginary line connecting the openings of the ears was regarded as the 
zero point. I used a telephone sound which was connected with an 
electro-magnetic fork of 250 vibrations per second. Between the fork 
and the telephone a short circuit key was inserted, by means of which the 
duration of the telephone sound could be regulated. The telephone was 
.to be moVed below the tape measure and parallel to it, so that it was 
situated in the median plane at the level of the openings of the ears. 

The first step of the experiment was to find the point at w'hich the 
subject judged the sound to be distant just one foot. Let this point be 
called A. The next step was to give two short sounds with a brief^in- 
terval between them, the first at the point A and the second at a differertf 
point. The subject was to judge, with his eyes closed, whether the 
second sound was twice as far distant as the first sound. If* the subject 
thought that. the second sound was nearer or farther than twice the dis- 
tance of the first sound then the experiment was to be repeated by giving 
the second sound at a farther or a nearer point. After many. experiments a 
] joint would be found at which the second sound appeared to be just twice 
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as far as the first one. In a similar way the points were found, at w^ich 
the second sound was judged to be three times, four times and five tifties 
as distant as the first sounds. In this way the relation between the dis- 
tances in the mental and physical scales was established. During the 
experiment the intensity of the telephone sound was kept constant, so 
that the change in the intensity of the perceived sound would arise 
only from the change in the distance of the sound, and could be ex- 
pressed by the accepted law of the propagation of sound. 

I made the experiments on the two subjects I. M. and K. M. More 
than loo experiments were tried for each point of the scale of distance, 
care being taken to avoid the effect both of practice and fatigue. 

Both subjects judged the sound to be about one foot (3.1*'“) distant 
when the sound was given at the point 40*"™ distant from the o point 

of the tape measure. For the subject I. M. the relative mental scale of 

the distances i, 2, 3, 4, 5 corresponded to the physical scale of the dis- 
tances 40, 80.9, 1 12.4, 159.3, 185.9 cm., and for the subject K. M. the 
relative mental scale of the distances i, 2, 3, 4, 5 corresponded to the 

physical scale of the distances 40, 79.2, 117, 152, 193.5 Now as 

these physical distances are the distances«betwccn the middle point of the 
auditory axis (connecting the ears) and the telephone, and as the distance 
between this point and the opening of the car is about 8^'", we have 
for the square of the distance between the ear and the telephone the sum 
of the squares of the above two distances, i. e., the distance between the 
telephone and the middle point of the auditory axis and the distance be- 
tween the middle point and the opening of the ear, for these three distances 
correspond to the three sides as a right-angled triangle. Finding the 
squares of the distances between the ear and the telephone, which corre- 
.spond to the distances in the mental scale, we have for I. M., 1664, 6609, 
1298, 25440, 34623. Dividing these figures by 1C64 (to get the relative 
distances) we have the ratios i, 3.3, 7.5, 15.4, 20*. 8. *The squares of the 
distances for K. M. are 1664, 6337, 13753, 23168, 37506. Finding 
the ratios we have i, 3.8, 8.3, 13.9, 22.3. 

The ratios in the above two cases are nearly equal to the squares of the 
distances of the sounds in the mental scale, namely, i, 2, 3,' 4, 5. 
As ‘the reciprocals of these ratios represent the relative intensities of the 
sounds, the conclusion appears justified that when the intensity of a 
sound diminishes in geometrical progression the perceived distance of 
the sound increases in arithmetical progression. 

3. Continual change in the distance of a perceived sound due to the move- 
ment of the two component sounds. 

In connection with the question of distance I conducted other sets of 
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experiipents in which the objective positions of the two component 
soiHids were simultaneously changed, while their intensities were kept 
constant, and obtainefl results which showed again the dependence of the 
perception of distance upon the change in the intensity of the perceived 
sound. In these experiments the spherical cage (Figure i) was used. 

а. The two telephones were moved along the radii of the horizontal 
circlfe of the cage. The directions in which the two telephones were 
moved aje as given below. The arrows indicate the directions, and the 
letters indicate Jhe pbints of the spherical cage as explained on p. 3 ; 
thus the expression for Number 1 means that the two telephones were placed 
at first very near to the ears and they were then moved simultaneously to 
the points /' and 1 ; Number 3 means that they were started at the front and 
the back very near to the head and were moved to f and b ; Number 5 
means that one of the two telephones was started at r apd moved to the 
ear, while the other telephone was started at the left ear and moved to I ; 
etc. 

I. /-«- 5 ^ear ear^^->- r; 2. /ir^>^ear ear-«--^r/ 

3. /<--j::sheads5-v ^ 4. /i^M-head^-ss^ / 

5. /-^-rsear ear-<-^r; 6. /©->-ear ears->-r. 

Five or eight experiments were made for each case and the judgments 
of the observer T. N. in regard to the directions of the perceived sounds 
under the conditions were as given below ; n means the nose, x means 
doubtful, k means within the head. 

1. k-f^ k-x, k-b(^x^, k-b{x')y k, k(^/), k-fand k-f and 

I ; 

2. /, b-k, b-k, b-ky b-k, b-kyf-ny ^’(/) ; 

3. k-f, n-f, n-f, n-f; 

4- f-n, f-n,f-n, f-n, f-n, f-n ; 

5. 'l-r, l-r, l-r ; 

б, r-l^y r-ljt7-lyj-L 

• In Number i the two ears of the observer were stimulated at first by 
strong sounds and he felt the sound in the interior of his head. As the 
telephones were moved along the auditory axis farther and farther from 
the ears the intensities of two sounds grew weaker and the perceived 
sound emerged from the head and receded along the median plane n]ore 
and more towards /. But it receded occasionally towards b, I'his result 
shows that the continual change in the distance of the preceived sound 
arises from the continual change in the intensity of the sourfd. In this 
experiment the observer perceived sometimes two sounds separately, 
though at the same time he perceived a third sound in in the median 
plane. • Number 2 is just the reverse of Number i* TJie sound was 
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perceived at first in front *or back at a certain distance and then it grad- 
ually approached towards the head and at last entered the head. . . 

It is interesting to note here that in Number 2^ the sound seemed to 
:start generally at b while in Number i it seemed to stop generally at 
though the intensity of the stimulation of the ears at the instant of start- 
ing in Number 2 was just like the intensity of the stimulation of the ears 
at the instant of stopping in Number i. In Number i the observef was 
sure that the sound was in front, for in the first half of the experiment 
the perceived sound was very strong, and therefore he oontinued to think 
that the sound was still moving in the same direction even when its inten- 
sity grew weaker and weaker. He thought only occasionally that the 
sound moved towards the back, but he was very doubtful of his judgment. 
In Number 2 the case is a little different. In this case the sound Avas 
heard with less intensity at the first moment than in the succeeding mo- 
ments, and the observer was in doubt at first whether it was in front or 
in back. It was his usual experience that when a sound was at the back 
he was generally in a state of doubt. So in this case he judged that the 
sound started from the back, and consequently he continued to think that 
the sonnd was still moving from back even when the sound grew stronger. 
Thus I and 2 show that the perception at a certain instant is influenced 
by the perception of the preceding instant. 

In Number 3 the sound in front was heard with greater intensity than 
the SQund at the back at the same distance. Moreover the sound was 
heard at first with great intensity. The observer could not, therefore, 
doubt that the sound was in the front very near to the head. As the in- 
tensity became less the distance of the perceived sound increased. Num- 
ber 4 is the reverse of Number 3 and needs no explanation. 

Most interesting results were given by Number 5 and Number 6, in 
which we found striking examples of the dependence of the perception 
of distance upon intensity. In these cases the two telephones were 
moved in the same direction and not in the opposite direction as in the 
l)revious four cases. Here the observer perceived the sound to be travel- 
ling in a direction reverse to the direction of the movement of the tele- 
phones. In Number 5 one telephone was moved from r to the. right 
ear, while the other telephone moved from the left ear to /, so that 
t,he direction of movement of the two telephones was from pight to left. 
.The observer perceived the sound to be travelling from left to right. 
The explanation is simple and clear. At first the sensation of the left ear 
was relatively stronger, and gradually grew weaker, whereas the sensation 
of the right ear was at first relatively weaker and gradually grew stronger. 
At a certain pgint the intensities of the two sensations became equal. Con- 
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sequently the sound was at first perceived oil the left siSe near to the 
c^r, then it was perceived in the median plane, and at last it was per- 
ceived on the right side near to the car. The intermediate points were 
passed in succession. As a whole the sound seemed to have travelled 
*frofn left to right. Number 6 is just the reverse of Number 5. 

All the six cases show that the distance of the perceived sound depends 
upon the intensity of the sound. The change in the former is continu- 
ous when the change in the latter is continuous. Continuous change in 
the intensity of a sound is always perceived as a change in the distance of 
the sound, i. e., as a motion of the sound, whether that change in in- 
tensity is caused by actual motion or not. 

h. The two telephones were moved along the circumference of the hori- 
zontal or frontal circle of the spherical cage. The objective path along 
which the two telephones were moved were as indicated below. The ex- 
pression for Number i means that the two telephones were started at the 
front and were moved around simultaneously to the left and right ; Num- 
ber 3 means that they were started at the left and right and were moved 
'simultaneously toward the front, etc. 

I, ; 2, ; 3, ; 4, /'err-v/x-sf;'; 5, 

i^-inou-^r; 6 , ; 7, 8, Ai— 

The number of experiments for each case was from 4 to 6. The judg- 
ments of the observer T. N. in regard to the directions of the perceived 
sounds under these conditions were as follows : 

1 . /-//, /, f-fo-o. 

2. b-kj b-f, b-bo- 0 or f-n, 

3. >&-/,/, k{b) or b^x-f, 

4. k-by k-by k-b, n-b. 

5 . o-ky o-ky o or /, o-b, 

6. u-n^ u-ky n-uf-fy u-uf-k, 

7- n-l, f-b, f-q, f-o, k-o{b'),f-fi>-o. 

8. n-Uy n-iiy n-Uy k—u. 

In all cases the intensities of the sounds for the two ears were equal and 
the perceived sound was always located somewhere in the median plane. 
Sj)ecial results were observed as follows. 

Number i. When the telephones were moved from f to r and 4 . the 
sound wasi perceived to travel in the median plane from some distant 
point in front inward to the nose or the head of the observer. This de- 
crease of distance presumably arose from the increase of the* intensity of 
the perceived sound, for under these conditions the perceived sound is 
stronger on account of the action of the pinnae, when the objective sounds 
are situated more towards the auditory axis than wh^sn thjey are situated 
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more towards front. But 'as the tragus has some influence upon the in- 
tensity of the perceived sound, the observer was sometimes in doubt 
about the direction of motion of the sound as the telephones were passing 
about the points fl and fr. 

Number 2. When the telephones were moved from b to rand / the* 
sound was perceived to be travelling from h to k or from b to /. This 
needs no explanation, for it is analogous to Number i. 

Number 3 and Number 4 are just the reverse of Number i and Number 
2 and the sounds were perceived to pass from k to / an(\.from ^ to ^ re- 
spectively. 

Number 5 and Number 6 can be explained in a similar way. On ac- 
count of the pinnae and the direction of the external meatus, sounds 
coming from above or below are heard with less intensity than sounds 
coming from the direction of auditory axis. Accordingly the intensity 
of the perceived sound increases gradually as the telephones are moved 
from above or below toward the auditory axis, and the distance of the 
perceived sound seems to decrease. 

Number 7 and Number 8 are the reverse of Number 5 and Number 6. 

It is interesting to note that in Number 7 the sound was sometimes 
perceived to have travelled from / to by or / to 0, or n to /, instead of 
travelling from k to 0. From this we can see that in discriminating 
directions in the median plane much depends upon the interpretation of 
the observer. In number 7 the stimulation of the ears was strongest in 
the beginning ; then grew less and less as the telephones were moved 
gradually upward. This decrease of the intensity can be interpreted 
by the observer as the effect of motion of sound from /to b, or /to o, or 
n to/ 

Finally in connection with the question of distance we must call at- 
tention to the endocephalic localization which we have already. noticed. 
When the intensity of the two sounds opposite the e^rs becomes very 
great the perceived sound, which is localized at first in the 'median 
plane, approaches the head and at last enters it. This endocephalic 
localization is sometimes so strong that the subject cannot get rid of the 
illusion, though he knows perfectly well that the objective sounds are 
outside the head. This illusion occurs more strikingly when the tele-, 
pljones are placed against the ears or when conducting tub^s are put 
into the ears. Under such conditions the sound is heard in the head 
even if the intensity is not very'great. An experiment of Schaefer' 
^is interesting in this connection. In his experiments a telephone was 

1 .ScirAEF?:R, Zur interattrealen Localisation e/iotiseker JValtrneliffiungeny Zt. f. 
Psycbjol. u. PhysioL d. Sinn., 1890 I 300. 
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bfought near to a funnel receiver, which communicated with the two 
■ears by means of a forked tube with arms of equal length. The 
telephone was connected with the secondary coil of a sliding induc- 
torium. At the start the secondary coil was put at a great distance from 
the primary coil of the inductorium and then the secondary coil was 
gradually brought nearer to the primary, during which the change in 
localization was observed. It was found that the apparent sound ap- 
proached the head according to the decrease of the distance between the 
primary and seiondary coils, so that the sound finally crept into the head 
and occupied a position between the ears. If one of the arms was 
closed the sound would shift to the auditory canal of the opposite ear. 
If the secondary coil were then moved farther from the primary coil the 
sound would go out from the auditory canal to the space on the side of 
that ear. If the pressed tube were then opened, the sound would move 
to the median plane at some distance from the head. With many per- 
sons the sound entered or emerged from the head at the root of the nose 
according to the increase or decrease of the intensity of the telephone 
sound. 


VI. The least perceptible change in’ the direction of a sound. 

In our previous experiments we found that when two telephones were 
placed on opposite sides just in the line of two ears and the intensity of one 
component of the perceived sound was changed while that of the other was 
kept constant, the perceived sound was located more toward the side on 
which the objective sound was stronger, and more toward the median 
plane when the intensities of the two component sounds became more 
nearly equal. While conducting these experiments I noticed occasionally 
that, when the relative intensities of the two sounds were in such a relation 
that thq, perceived ^ound was located at r 90® or / 90®, a small change' 
(i to I cm. for the secondary coil) in the difference between the relative 
intensities of two sounds was not usually perceived as a change in the 
direction of the perceived sound and, in fact, was not perceived at all. 
But when the intensities of the two component sounds were in such a 
relation that the perceived sound was located just in front, the change in 
the difference between the relative intensities corresponding to 0.5"“ dr 
was usually perceived as a change in direction. 

The explanation of the difference in the above two cases seems to me to 
lie in the fundamental fact of sensation as expressed by Weberns law. 
For the initial difference between the relative intensities of the sounds 
heard by the two ears was greater in our experiments when the perceived 
5 
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sound was located more toward the side, and it was smaller when the per- 
ceived sound was located more toward front. Consequently a largfe 
change would be necessary in the former case if tke change is to be 
perceived. 

The object of the next experiment was to make this relation clear. 
As in my previous experiments, two telephones were placed on opposite 
sides. The distance between the ear and telephone was 45 The 
intensity of one component sound was kept constant, while that'Of the 
other component sound was varied by means of the secondary coil ; the 
observer localized the perceived sound at a certain point as before when 
the two components were given simultaneously. This point was to be 
regarded as the initial direction. Then, while the two sounds were 
given, one of them was to be moved from its original position slowly 
along the auditory axis till the point was reached where the observer just 
noticed a change in the initial direction of the perceived sound. The 
distance traversed by this component sound was measured by a milli- 
meter scale which was fixed along the path of the telephone. This dis- 
tance is called an increment distance (J), for it is a distance which 
is required for producing the least change .in the initial direction of the 
perceived sound. 

The results of the experiments on the relation between the change in 
the initial direction and the corresponding increment distance were as 
given in Table XXVI. 


Tablk XXVI. 

The right component sound constant. Observer : C. W. 


M D 

/ 

J E 

n 

27 

/ 

13. 1 C". r 

15 

2 

A 30° 

15.6 r 

■ 15 

3 

A 70 

21.7 ^ r. 

15 

4 

r 90 

26.1 r{b) 

‘ 15 

5 

r 90 {b) 

27-5 r{i) 

7 

date in March, 1897. 

1 

Ey direction toward which 

the sound 

D, distance of the secondary coil for 

appeared to change. 


the left telephone. 


;/, number of experiments. 

t 

/, • direction of the perceived sound 

1 The probable error of J varies from ± 

foi* the position D. 

• J, change in the distance 
telephone. ‘ 

of the left 

hX to ± irV/o- 


In this experiment the intensity of the sound produced by the right 
telephone (connected with the primary coil of the inductorium) was kept 


constant while the intensity of the sound produced by the left telephone 
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(fconnected with the secondary coil) was varied. When the secondary 
toil was moved away from the primary to the point 0.6®“ and sounds 
were given from both telephones at the same time the observer located 
the single resultant sound at /. The resultant sound was localized at 

3o^ ^ ^ 90“ (^) respectively as the coils were separated 

as 2"®, 3“*", 4"®, 5"“. 

When the observer located the sound at one of above directions the 
intensity of the left component was decreased again by moving, not the 
secondary coil,%ut the left telephone itself from the ear along the auditory 
axis, till the point was reached at which the sound was just noticed to 
shift from its initial position. 

As we find in the table the increment distance was least when the per- 
ceived sound was initially located at /, it increased gradually till it 
reached its maximum when the perceived sound was initially located at 
rgo°(^dy When the initial difference between the intensities of com- 
ponents heard by the two ears was much greater the increment distance 
became greater than 35**'". In our small room we could not make an 
arrangement to move the telephone farther than 35®*“. The reason why 
the perceived sound shifted its position always toward the right in this 
experiment is easy to find, for the intensity of the right component 
became relatively greater as the intensity of the left component de- 
creased. We must notice here the fact that the perceived sound was 
located at r 90°, but a little backward than just at r 90®, when the rela- 
tive difference between the intensities of sounds in the two ears was very 
great. A similar case has been already observed in our previous experi- 
ments. I have said that it is probable that what we call commonly right 
and left lies in the line drawn tangent to the front surfaces of the two eye- 
balls. So when the maximum difference in the intensities of the com- 
ponents in the two ears is obtained, the perceived sound is not located 
just at Misual right or left, but, being referred to the common standard 
of direction, it is located at right or left, a little toward back. Or we 
may say that the difference in the relative intensities with which a sound 
is heard by the two ears is greatest, not when the sound is situated in the 
visual rl line, but when it is situated a little behind it. On this basis 
the fact that the sound seemed to shift a trifle backwards from r 90® 
when the* intensity of the right component became relatively ver^ 
strong does not disprove the dependence of the least perceptible change 
in the direction of a sound upon the change in the relative difference be- 
tween the intensities of the components in the two ears. From similar 
experiments conducted on a different day, results were obtained in which 
the above relation can be seen still more clearly (Table XXVII). 
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Owing to the slight changes in the position of the telephones and the 
head of the observer and minute changes in the intensity of the sound*^ 
arising from the fluctuaton of the electric current, there were some devia- 
tions in conditions for different days ; and consequently the results of tl^e 
experiments must be considered for each day separately. 


Table XXVII. 

The right component sound constant. Observer i C. \V. 


D 

/ 

J 

E 

n 

j cm 

1 90° 

24.9 

f 

15 

2 

bl 70 

179 

b 

15 

4 

/ 

12.5 

r 

15 

4.5 

b 

157 

r 

15 

6 

fr 60 

14.2 

r 

15 

7 

r go 

25-7 

r{b) 

IS 


Notation same as in Table XXVI. I The probable error of J varies from 

I drliV/oto ± 2%. 

Some experimenfs made upon Dr. Scripture gave similar results which 
are given in Table XXVIII. 


Table XXVIII. 

The right component sound constant. Observer, Dr. Scripture. 


M D 

/ 

J 

E 

n 

27 o.6cirt. 

/lO® 

23.3 cm. 

f 

9 

3 

/ 

20.7 

r 

10 

5 

fr 60 

22.7 

r 

10 

Notation same as in Table XXVI. I 

1 The probable 

error of J varies 

from dz 


2,V/o to dr 3 rS%- 


In these experiments the perceived sounds were sometimes located to 
the rear. In such cases the least change in direction was also made 
toward b. Again, when the initial direction was on the left side the least 
perceptible change was made toward the median plane. The shifting of 
of thd left sound toward the median plane is really a shifting toward 
the* right side, and can be explained by the relative increase of the 
intensity of tije right component sound. 

^ Similar experiments were made upon C. W. on different days, by vary- 
ing the intensity of the right component sound while keeping that of 
the left component sound constant, and similar results were obtained, 
which are given* in Table XXIX and need no special explanation. 
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The left component sound <:onstant. Observer : C. W. 


M 

D 

• / 

J 

E 

n 

18 j 

r 3®“ 

r 90 

29.1®™ 

1 

14 

5 

frjo 

26.4 

/ 

18 

1 

1 8.25 

/ 

I5.I 

1 

15 

1 

r 10 

1 90 

24.6 

l[b) 

20 

19 

.7 

ft 10 

22.4 

1 

20 

1 

1 6 

f 

20.5 

1 

19 

1 


1 br 80 

34.7 

b 

5 

20 A 

4 

fr 20 

24.4 

f 

12 

1 

L 7 

/ 90 

33-2 

Hb) 

4 


II 

fl 80 

33-6 

i(b) 

15 


10 

Jl 20 

21.4 

1 

17 

31 ■ 

9 

/ 

17.6 

1 • 

15 


7 

fir 10 

25.6 

/ 

13 


. 5 

fr 20 

31*7 

/ 

15 

/), distance of the secondary coil for I 

1 Other notations same as in 

Table XXVr. 

the right telephone. 


The 

probable error of 

A varies from 




1 ± fV% to ± 



As the intensity of sound is inversely proportional to the square of 
distance, the intensity of the variable component sound in the foregoing 

' I 

experiment is proportional, other things being equal, to 7^ , where 

C represents the initial distance (45®™) between the telephone and the ear 
and J represents the increment distance. As C is constant in our experi- 
ments, the value of the fraction depends upon J. The greater the change 
in the increment distance, the greater is the change in the intensity of the 
component. But the change in the increment distance which is required 
for producing the least noticeable change in the initial direction would 
be expected according to Weber’s law to depend upon the value of the 
initial difference between the intensities of the two components. This 
expectation was realized in the actual results of the foregoing experiments. 
For in -these experiments the increment distance was smallest when the 
sound was initially located in front or behind, that is, when the initial 
difference between the intensities of the component sounds in the two 
ears had the smallest value possible (namely, zero). The increment dis- 
tance increased gradually as the initial. difference between the intensities 
of the component sounds in the two ears became greater, and con§ie- 
<iuently as the perceived sound was initially located more towards the 
right or left side. 

VII. Theoretical conclusions. 

Sounds are located both as to direction and distance from ourselves as 
the center. In the foregoing experiments we have found th*at the judgment 
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of the direction of a sound depends chiefly on the relative difference* be- 
tween the intensities of the component sounds heard by the two ears,‘ 
while the absolute intensity of the perceived sound iS supplementary to 
this fundamental factor. The judgment of the distance of a sound de- 
pends, on the contrary, chiefly on the absolute intensity. To these fac- 
tors in the localization of a sound we may add other cooperating factory, 
such as relative and absolute pitch, timber and phase. ^ With these 
data at hand it becomes necessary to inquire how tl\ey bring abotit the 
localization of a sound. There are several theories of the way in which 
this is done ; these will be briefly discussed. 

I. Theory of a direct acoustic space. 

This theory assumes that a sound heard by the right ear is distinguish- 
able from that heard by the left ear ; that the right and left components of 
a sound heard with both ears pfoduce an effect in consciousness which 
varies with the relative intensity of the components ; that this effect is an 
experience analogous to that from simultaneous but not identical sensa- 
tions of sight or touch ; that it should be considered to be one of the kinds 
of space analogous to visual space or tactual space ; and that this acoustic 
space is brought into relation to and modified by visual, tactual and 
muscular experiences. 

This might be called a direct theory of acoustic space. Although no 
positive objection can be made, it seems somewhat artificial and not well 
adapted to explain the methods by ^vhich we localize sounds. 

2. Tactual theory. 

Some psychologists have sought the ultimate origin of acoustic space 
in the tactual sensations of the tympanic membrane. 

One form of this theory assumes : i, that special -seAsat ions Oif touch 
are received from different parts of the tympanum \ 2, that the sound- 
wave arouses the sensations from the tympanum ; and 3, that different 

' Urhantschitsch, Zur Lehre von der SchalUmpJindung, Archiv f. d. ges. Physiol. 
(PflOger), 1881 XXIV 574. 

,Rayi.eigh, Our perception of the direction of a source of sound, Nature, 1876 XIV 
3^. Rayleigh, Acoudical observations, Phil. Mag., 1877 (5) III 456. 

Macif, Betn^rkung iiber die Function der Ohrmuschel, Arch. f. Ohrenheilk., 1875 
n. F. Ill 72. 

Thompson, On binaural audition, Phil. Mag., 1877 (5) IV 274; 1878 VI 383 ; 
1881 XII 351. Tiio.MPSON, On the function of the two ears in the perception of space, 
Phil. Mag., 1882 ^5) X/II 406. 

Bux:h, Das binaurale Horen, Zt. f. Ohrenheilk., 1893 XXIV 25. 
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part^ of the tympanum are affected according as the direction of the 
sound is different. ‘ 

The first assumption is in all probability justified ; the tympanum is un- 
doubtedly sensitive and the stimuli applied to different portions can be 
presumably distinguished. 

The second assumption is not so readily to be accepted in view of the 
fatt that the energy of the air-vibrations is extremely small, in fact so 
small that a most complicated apparatus, the internal ear, has been spec- 
ially adapted It) traAsform the air-vibrations into nerve -currents. There 
is no conclusive experimental evidence to support the view that sound- 
waves can be directly felt by the end organs or the nerves of touch. In 
the perception of sounds the tympanum is not the true receptive organ, 
but only a part of a mechanical device by which the vibrations are 
gathered and conveyed to the internal ear.^ 

The third assumption is quite untenable. The diameter of the audi- 
tory canal is too small to permit of different degrees of pressure at differ- 
ent points of the tympanum at the same moment ; we can without hesita- 
tion consider the pressure as equal over all parts of the tympanum.* 

A second form of this theoy^ to the effect that the touch organs of the 
tympanic membranes in the two ears are affected differently by sounds 
coming from different directions would be consistent with observations of 
cases in which the ability to localize sounds was lost, together with the 
sensitiveness of the tympanum.* In spite of some minor observations 
that may be interpreted in favor of this theory it is difficult to agree with 
Wundt* in accepting it even partially ; at any rate such an extremely re- 
markable sensitiveness of the tympanum should be most thoroughly es- 
tablished before a final decision could be given in favor of it. 

3. Theory of a special space organ. 

According to Prsyer the semicircular canals are the organs for the per- 
ception of the direction of a sound.® By means of a specific energy of the 

1 Kuppkr, Ueber die Bedentung der Ohrmttschei des Menschen^ Archiv f. Ohrenheilk., 
187411. F. II (3) 158. 

*'fnoMrsoN, On the function of two ears in the perception of space, Phil. Mag., 1882 
(5) XIII 406. 

®HELMifoLTZ, Tie Mechanik der Gehorknochelcfmi und des Trommelfells, Archiv. f. 
d. ges. Physiol. (PflUger), 1868 I i. 

*GEU.t, Role de la sensibility du tympan dans F orientation au bruii, Soc. de Biol., 
1886 III 448. 

sWu.NDT, Physiol. Psychol., II 94, Leipzig, 1893. 

® PREYER, Die Wahntehmung der Schallrichtung mittelst der Bogengdnge, Archiv. f. 
d. ges. Physiol. (PflUger), 1887 XL 586. 
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ampullse of the semicircular canals a particular kind of sensation is produced 
when they are excited by a sound from a particular direction. The sen. 
sation is different according to the direction fron\ which the sound 
comes, because a sound must stimulate more strongly one canal or 
pair of canals in a way depending on its direction. As the six canals, 
are excited with different relations of intensities by sounds from dif- 
ferent directions, the sensations which are produced by the specific energy 
of the ampullae are different corresponding to the different directions of 
the sounds. These differences of sensations give bs thd ideas of the 
directions of sounds. ‘‘If we consider,** says Preyer, “that by the 
stimulation of an ampulla with the vibration of the liquid of the canal 
belonging to that ampulla a sensation of sound is produced which is dif- 
ferent from the sensation produced by the stimulation of another ampulla,, 
though the two are exactly alike in respect to intensity, pitch and tim- 
bre, and if the difference between the two arises siniply because the dif- 
ferent nerve^fibers are stimulated, we cannot but regard this difference as 
spatial. * * 

Preyer* s assumption that a canal is most strongly stimulated by a 
sound lying in the plane in which the canal lies is irreconcilable with the 
elementary facts of the physics of sound. The sound-waves which are 
transmitted through the air reach the membrana tympani and then move 
the chain of ossicles, and at last the lymphatic liquid of the inner ear. 
During this conduction the sound-wave is changed into a movement of a 
membrane, a movement of a set of bones, a movement of a liquid, etc. 
There is no possibility of any change of direction of these movements 
for changes in the direction of the sounding body, and consequently no 
possibility of a varied action on the semicircular canals. 

Preyer may have thought that the sound-waves are conducted directly 
from the air through the skull bones into the head and thus to the semi- 
circular canals; at least, this seems the only possible construction of his 
view. The conduction of sound-waves by the cranial bones comes into 
play when a sonorous solid body is either in immediate contact with the 
skull, or is connected with it by a chain of solid or fluid bodies, or when the 
medium immediately surrounding the head is not gaseous as, for instance, 
when ithe head is immersed in water. With aquatic vertebrates we can 
nol^ deny the cranial conduction of sounds, but for most soimds it is 
certain that in the case of human beings the cranial conduction plays no 
part. The sound waves are mostly reflected from the surface of the head, 
&nd the conduction directly through the cranial bones and tissues is in- 
finitesimal. 

Preyer*s theory rtext involves the assumption that the s6und*waves 
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affect, the canals differently, according to the direction of the sound. 
He evidently viewed the sound as a force entering the head and being 
resolved into three , components with intensities depending upon the 
angles made by the direction of the force with the planes \ he had prob- 
ably in mind the familiar method of resolving a movement or a velocity 
into three components in planes at right angles to each other. The ab- 
surdity of such a position is at once evident to any one acquainted with 
the eleuientary ideas of wave-motion. A sound-wave passing through 
the air consists* of alternate condensations and rarefactions — not of a 
line or of a plane — ^but of a more or less spherical surface. The sound- 
wave passing through the head is of a similar sort. There is not the re- 
motest reason for believing that the molecules of a liquid in a curved 
tubular bone will vibrate differently according as the sound-wave ap- 
proaches from different directions in the mass in which the bone is im- 
bedded. 

This theory of Preyer’s was accepted by MCnsterberg* afe the start- 
ing point of a reflex -muscular theory of acoustic space. ‘‘ The different 
movements of the head, which can be aroused by stimulation of the semi- 
circular canals, arouses — ^by means of the muscle sense — that threefold 
system of sensations of movement which forms the basis of our acoustic 
space.** ‘‘To localize a sound means to assign to its place in the whole 
system of sensations of head-movements the sensation of that reflex head- 
movement which is necessary in order to turn toward the source of the 
sound.*' 

Concerning the possibility of the direct stimulation of the semicir- 
cular canals nothing further needs be said. 

As for the results of MOnsterberg’s experiments on the least per- 
ceptible change in the direction of a sound, they cannot be regarded as 
a proof of his theory. It has been made clear by the experiments of 
Bloch‘S and by mine^ that the curve of the least perceptible change can 
be explained by the principles of relative and absolute intensities. 

4. Motor theory. 

The essential factor in the motor theory seems to be this : A sound 
perceived Jjy the ear brings with it an impulse — conscious or uncon- 
scious — to move toward it ; this motor impulse and its results are what 
appear to us as the localization of the sound. This theory assumes that 
these motor impulses are aroused in definite relations by the factors men- 


iMOnsterberg, Raurnsinn des Ohres, Beitrage z. exper. Psychol., 1889 II 182. 
Das binaurale Horen, Zt. f. Ohrenheilk., 1893 XXlV 2y 
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tioned at the beginning of this section (p. 70), namely, absolute in- 
tensity of the sound, relative intensity for the two ears, etc. The form 
of the motor space is derived from past experience under influence of the 
visual space ; in fact, the space in which the sound is localized is our 
usual visual -tactual-motor space with which the sound is connected by the 
motor impulses. In this compound space the visual sensation is the most 
important element. The tactual sensation seems rather to be of second- 
ary importance except in the case of the blind. Speaking genetically we 
can recognize the position of a sound only when acoustic knd visual sensa- 
tions are connected with each other in a definite relation. It is unthink- 
able that we can recognize the position of a sound without connecting 
the former directly or indirectly with the latter. A definite connection 
between these two can be accomplished through the medium of a definite 
muscular action. These three elements have occurred in connection with 
each other, and have been firmly associated in the course of time, so that 
when one df them is present the others will be necessarily called forth. 
When the visual sensation fails, as in the case of a blind person, then 
tactual sensation takes its place. 

From a biological point of view this tjieory seems quite natural. In 
the course of natural selection the survivors have obtained the power of 
reacting suitably to the different acoustic sensations which they receive 
from the surrounding world. 

To react suitably upon an acoustic sensation we must first of all recog- 
nize the direction from which the sound comes. To recognize the di- 
rection it is necessary that the auditory sense should be assisted by other 
senses. But as the auditory sense has to do with more or less distant ob- 
ject, it must be chiefly the visual sensation which is combined with the 
auditory sensation to assist it in perceiving the direction of the sonorous 
object. To perceive an object in a certain direction the head must be 
moved so that the object will be brought in the line of visual fixation 
or in the median plane. In the beginning this will not be easily done, 
but after practice it will be found that the instant at which the sound is 
equally loud in both ears is the instant at which the source of sound is 
found in the median plane. Again we have already seen that a sound 
situated in the median plane will be best heard when it is in the line of 
sight. Thus after the source of sound has been brought into tSie median 
plane, the next process will be to bring it into the line of sight. 

Again we must notice the fact that by practice it has been found that 
the instant at which the sound is perceived with greatest intensity by 
one ear and with smallest intensity by the other ear is the instant at 
which the souroe of*^ sound is situated nearly in the auditory axis or little 



Researches on acoustic space. 


75 


behind it. Accordingly, we sometimes try, by the movement of the 
head, to bring a source of sound into this axis when we find it more con- 
venient, as for a sound of small intensity. 

These movements of the head, which we perform in order to connect 
visual and acoustic sensations, affect our sense of equilibrium, by means 
of which we become conscious how much we have turned our head. By 
means of this sense of equilibrium we are enabled to estimate the position 
of a source of sound in reference to the position of our body. 

Again, thouglfa source of sound is usually brought into the line of 
fixation of sight by the motion of the head, we can effect this within a 
certain limit not by moving the head but by moving the eyeballs alone. 
In such a case the acoustic sensation is connected with the oculo-motor 
sensation, by means of which we can feel also the angular direction of a 
source of sound, for we have a fine sense for this movement of the eyes. 
This muscular sensation of the eyes is supplementary to the sensation of 
rotation of the head, by means of which we can chiefly estimate the direc- 
tion of a sound. 

From these considerations it is clear that by long practice the asso- 
ciation has been established bet, ween a particular acoustic sensation — cor- 
responding to the stimulation by the sound from a particular direction — and 
the rotatory sensation — which is required for bringing the source of sound 
into the visual fixation line or into the auditory axis — and moreover the 
association has been established between the acoustic sensation and the 
oculo-motor sensation. After the associations between these factors have 
been established, either one of these factors by itself is able to call forth 
other factors. It is not necessary that the rotatory sensation or muscular 
sensation, which gives us the measure of the angular departure of a source 
of sound from the fixation line of the eyes, should arise always by an 
actual movement. Though this is the original case, the sensation of in- . 
nervation or reproduped motor sensation called forth by association with 
the acoustic sensation may take the place of the actual motor sensation. 

Our final conclusion is thus that an acoustic sensation receives its 
spatial form primarily from the space idea which is given to us by the 
visual, tactual and motor sensations. Acoustic space presupposes the 
existence of the space form of other sensations. We have only toigive 
an account? of how the perception of the position of sounds arises cfn 
the basi§ of the already existing space which was given to us by other 
sensations. As to the further problem of the ultimate origin of the 
space form of perception, its solution must be sought in the visual and 
tactual perception. 



ON BINAURAL SPACE. 


BY 

E. W. Scripture. 

The fundamental fact of binaural space is that vhent two component 
sounds heard by the two ears are perceived as a single sound the result- 
ant sound is localized in space.” This ‘‘localization in space ” is a 
direct experience of every person with binaural audition. 

Aside from such problems as the influence of visual and muscular space 
on this localization, the fundamental problem is that of the localization 
of the resultant sound as dependent on the two components. The sim- 
plest sounds, tones, vary in pitch, intensity and duration. The only 
property which comes essentially into question in the case of the two 
components is that of intensity. The following paragraphs will present 
a hypothesis in respect to the law of localization as dependent on the in- 
tensity of the components. 

The fundamental observation is as follows : When two component 
tones, e. g. , from the telephones opposite the two ears, are heard as one 
tone, this tone is located in a certain direction in respect to the observer. 
When the intensities of the two components are equal, the resultant ap- 
pears to be in the median plane, e. g., directly in front. As one of the 
components is weakened, the resultant appears to pass toward the side of 
the stronger one, finally reaching a line nearly opposite the ear — the 
auditory axis — and proceeding outward along it. The localization thus 
depends on the difference between the intensities of the components. 
Various observations lead me to believe that the following equations ex- 
press this dependence. 

Let Ir and be the intensities of the right and left components, and 
let d-= Iji — /jr be the difference between the two intensities. 

Let the plane in which the resultant lies contain a system of rectangular 
coordinates, with the origin in the median plane, the axis X identical 
with the acoustic axis, and the axis Y perpendicular to X ; thus Y may 
lie anywhere in the median plane. Since the position of the sound with 
re.spect to thtese axes depends on the difference of intensity, we have 
X z=zf(^d) and, since there is a definite relation between y and Xj y =/(jr). 

In the experiments it is observed that when the two sounds are equal, 
i. e., // = o, thp resultant is located in the median plane, i. e.^ oii the 
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axis* y‘at a certain distance m from the center. Thus for //= o we have 
.v=o, As the sound on the right is made louder we have 

Ir > II d positivfe ; when the sound on 
the Jeft is made louder d becomes negative. 

As one component becomes louder than the 
othg:, the resultant moves toward the side of 
the louder component \ indicating the right 
side by and th^ left.by — we have + x=i 
/(+d) and — x =/( — /i) . The resultant 
lies always on the positive side of the V axis, 
which we can express by consideringly as a 
function of the square of x, or y=z . 

The path described by the resultant sound 
appears to me to be a curve of the form given 
by the equation 


y = me 

where m is the value for x = o and is a con- 
stant of proportionality. 

On the basis of these observations and 
considerations I venture to make the follow- 
ing two hypotheses: i. that the distance 
right or left of the median plane is propor- 
tional to the difference between the intensi- 
ties of the two components, i. e,, x = cd, 
when ^ is the factor of proportionality; 2. 
that the relation between the distance from 
the median plane and the distance from the 
auditory axis is expressed by 


y = 7ne 

where m is the distance of the sound when 
.T = o^i. e., d=zo), and « is a proportion- 
ality factor. 

The values m and a depend on certain 
properties of the sounds used, but mainly on 
the absolute intensity. Sometimes the sound 
appears to remain always in the auditory axis, 
in which case w = o. A series of curves for different values of m 
’ A Fig. 25 . The values from which the curves were plotted are 
he table. 


is shown 
given in 



Table of y — me «"* for a 


78 


E , W . Scripture ^ 


§ tr) o M N Oi 

8 .S-^ 8 ? 5*8 

M d d d d d d d 

M M M i-« M M ro 


Ov6 fOfOO M ITiO 

§ nO VO »0 T^vO N 
10 N O O •-< ro 
OVOO v5 ON -^00 

d d d d d d d d 

O -xi-txt^ONt^VOO 
Q ro ro N §■ m fOOO 
Q ^ Cn OnCO vO N 
O O w rovO O M 

d d d d d M « N 

O CNSO u-jvo ON 

d d d d M «’ fo 


roM vnfO»n 

O ON »>. ro 1^00 fo M 6 

ff'vO (MOOtnrOMO 00 O 

M M w d d d d d d d d 


v» d I- 


MMMMNNNrO 

O «^wvO J) ^ 

M ON f<*O0 ON l>* M N ON ro 

O Lr»U^IH fOiH 

rOM W M OM>.tnN Ovu^MVO 

d d d d d d d d d d d d 


OMyOvOCfirOM^ ONCO •-• !>. 
Q N 00 ON Tj- Thao vO 00 *0 *>» N 
O O d fovor^O fOr^MvO 
dddddddMMi-ihihi 


O O M ThOO CH CO Th w O O O 

dddddMMhi fOTfwSvo* 

§ »H NO M vO ONQO W On rN. VO M O OnnO O On 

Q M h'QO VO hr tx OnQO Ix TfOO tx ON VT) rO w O 

OnnO m nO On COCO ro^vo ‘'TNmOOOOO 

*0 Th Tt Th eo m’ hi i-i •- d d d d d d d d d d 

MMMMl-lNMN(NirO 

OromvoQCO tHO*! 1 i JuLJhici 

dvQ ^OnO •tvO rorotoooo OnmnO tJ-*oOn^ 
Cn OnnO «nO txixrxTj-ONfOTtTl-roONTl- tx03 OO 
vOvOnOnO voTj-fOW w <^00 NO ThW ONt>,Thi-iQO 

ddddddddddddddddddd 

O IX tx 10 On W txNO OnnO vO O'OO OnnO fOO O N 
O CO 'NhCO CO IX M 10*0 roao OOtxMThroO"^ 
Q d <0»xfOM M MvoOnO »0 VOnO O »0 N m m 

0000'HP<40Tfio t^OO O N ^ IX ON INI lOCO 

ddddddddddd'HMMwwN’wri 


OOOMfOtOIxON Tj-NO d NitCO IX ON 10 M t>.Th 

d d d d d d d d w w tNi hi INI ro fo »i'’* »o}o‘ 


§ M i>«voM txThvO rorxONM ONtoONONTj-ThM Tj-fon OnO n onn rx 
O O fOMOOixnixTh i>.co NO Tj- o NO rx 10 onno oohiixiorOMiMQ 
ONNO M 10 tx On M W ^vO CNrooO ThOtxNorONMiHOOOOOO ;! 

2 ctn ON CNad r^vd vd *0 rf- ro m’ Vi i-I « d d d d d d d d d d d d i ! 


M W fNl N M ro i 




o h^vo txvOTfioW W M ThvO Q CO OnOO O On N 00 N. O nO ^nO w 6 

O VO Cl O O M fOrxNCOiO'^ tJ-nO 00 N OO ^ N W ^00 N 00 *0 t^ *0 

o Ovao NO fO On -^OO M -nI-nO tx t^NO -^NCO "^OnMnOCO OnQ OnoO nD rO 
O On ON On ONX X rx lx>0 vOTj-rOd m OX rxio^d OX rxTfdOX 

Mo'dddddddddddddddddddddodddd 

O rOTh»OvoNO ^X On fOvOThOdwNO'HXfNIfOO rhNO On O 
d Tf rx On ONX NO d rxw tJ-ioiO^m Ixm lOIxi^lxiOd IxM ^lOiO 

0 O mNO O »OiH txiorod d r>^ir»rxiMioO r^rOM O OnO m conO 

OOOOOM'-'ddro^ *ovO rxOo ONMd^iorxONMdtoixONM 


OOOOOOOOOOOOOOOOi 


d d d d d X 


8 tH ^ ONNO vonO On ^ i-i Q 'f OnnO ionO On ^ m Q ^ OnnO vonO O' 
O O O w d ro ThNO X O d '^nO On d vox d NO O ^X d «x d lx d 


OOOOOOOOOOi 


d d d forO'^ih^vo ionO no rx 


O M d CO »OnO txX ON O M d ro ^ ionO ixX O' O w d ro ^ vrivo lx 
MIHMMI-ll-IIHMMlHddddddC^d 



On binaural space. 


79 


There still remains the fact that the plane of XY (which we have con- 
sidered) may be in any position around the auditory axis ; thus the sound 
may pass in front ofj above, behind or below the head, or in any inter- 
mediate position. Four such positions are shown in Fig. 23. To fully 
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define the apparent position of the sound, we must introduce a system of 
coordinates in which X is the auditory axial line through the head, Z is 
a line perpendicular to this at the central point in the head and extending 
'in the direction which the subject considers to be directly in front, and 
y is perpendicular to both X and Z. We thus have x = cd as before. 
Then in a case where the sound lies in the XZ plane to the front we have 
y = o*and 

am 

z = ?ne 

When the sound is upward in the XV plane we have x = 0 and 
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The complete relation is expressed by 

__ 

am , 

y = me • sin «, 

^ 

s = me cos «, 

Avhere a is the angle of elevation above the plane ^Z. 

This series of hypotheses agrees with the facts reported by Mr. Matsu - 
MOTO in, the preceding pages, but cannot be proven until the experiments 
are repeated with tones of carefully measured intensities. I cannot say 
that I expect them to be confirmed just as they stand ; I propose them 
simply as an attempt to give definite form to our notions of one of the 
laws of binaural localization. 



THE SIZE-WEIGHT ILLUSION AMONG THE BLIND. 


BY 

James F. Rice, M.A. 

It is a well known fact that when two objects of equal weight but dif- 
ferent size are lifted, the smaller appears heavier than the larger. The 
phenomenon has been made the subject of experiment in various ways.^ 

It was suggested to me that some experiments on the blind might be 
of interest. The experiments were performed at the New York Institu- 
tion for the Blind. They were carried out under the direction of the 
Yale laboratory with the suggestion -blocks formerly used by Dr. Sea- 
shore. Many suggestions in regard to the details of the experiments 
were received from Dr. Seashore personally. 

Apparatus. 

The apparatus consisted of * two sets of cylindrical blocks 31“’“ in 
length. Each set consisted of 17 blocks. Set A varied in size and had 
a uniform weight, while Set JB varied in weight and had a uniform size. 
The blocks in Set A varied in diameter according to a geometric series 
in which the regular increment is one-tenth. Those in Set B were ar- 
ranged in arithmetic series according to weight with a successive differ- 
ence of 5*. 

In the following account the blocks will be dintisguished by the names 
A and B with their respective numbers in the series. 

'Fkchner, Ueber die Contrastempfindungy Ber. d. k.-sachs. Ges. d. Wiss., math, 
phys. Cl.„i86oXIl76. 

Mukller and Schumann, Ueber die p^ychologhchen Grundlagen der Vergleichimgge- 
hobener Geiuichte, Archiv. f. d. ges. Physiol. (Pfliiger), 1889 XLV 37. 

CuARPEN'riER, Analyse de qttelques Hements de la sensation de poidsy Archives de 
Physiol., 1891 (5) III 122. 

Dr^sslar, Studies in the psychology of touchy Am. Jour. Psych., 1894 VI 313. 

F1.OURNOY, De V influence de la perception visuelle des corps sur lettr poids appeCTenty 
L’Ann6e Psyfchol., 1894 I 198. 

Gilbert, Researches on the mental and physical development of school-children, Studr. 
Yale Psych. Lab., 1894 II 43“4S» 59-63* 

Philiite and CLAVifekE, Sur une illusion musculairey Revue Philos., 1894 XL 674. 

Van Biervliet, La mesure des illusions de poids, L’ Ann6e Psychol., 1895 11 79. 

Griffing, On the sensations of pressure and impact, Psychol. Rev., 1895 Suppl. 1. 

Scripture, Remarks on Dr. Gilbert' s article, Stud. Yale Psych. Lab., 1894 II 102. 
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The blocks of Set A were of a constant weight, 8o*, and of diameters 
in millimeters as follows, beginning with the smallest : 20.0, 22.0, 24.2, 

26.6, 29.3, 32.2, 35.4, 39.0, 42.9, 47.2, 51.9. S7.I, 62.8, 69.1, 76.0, 

83.6, 91.9. 



The blocks of Set B were of a constant diameter, 42.9'“"*, and of 
weights in grams as follows, beginning with the lightest ; 40, 45, 50, 
SS» 70, 7 S» S5, 90, 95, 100, 105, no, 1 15, 120. 

It is to be observed that the uniform weight for Set A is the same as 
the weight of B (9), the middle block in Set B ; and the uniform size in 
Set j 5 is the size of A (9), the middle block in Set 

The observer placed himself by the table, on which the blocks were 
arranged in order, in such a position that by moving back and 'forth he 
could lift any block from its place in Set B and still retain approximately 
the same angle of the arm and hand. He was requested to select for each 
block in Set A a corresponding one in Set By by taking one at a time 
from A and placing it by the side of successive blocks in B with which 
l|e wished to compare it, lifting one at a time until he found^the one in 
B which he thought had the same weight as the one from A. 

One seriec of tests D was made in which the size of the weights was 
learned by grasping the curved surface of the block \ a second series of 
tests E was so made that the observer could only judge of the size from 

’Seashore, as'bcfore; Scripture, New Psychology, Fig. 65, London 1897.' 
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the area of pressure when the block was placed gently upon the palm of 
his hand. All the A blocks were used in each series. Each series of 
tests was made ten times, and, to eliminate as far as possible the error of 
prejudice, the equivalent B for each A block was approached five times 
from above, five times from below. That is, in five of each series an A 
block was cpmpared first with a B that was very perceptibly heavier and 
thfen with the B of next lower weight until apparent equality was reached. 
In the. other five the steps were from the perceptibly lighter. 



To eliminate the error of sequence, the obser\^er lifted the blocks in 
the orders B, B, A, and B, A, A, B alternately. The position of the 
blocks was reversed after each trial, so that the observer’s judgment was 
not affected by the varying sensations caused by the slight movement of 
the forearm to the right or left. By this exchange of position there was 
also to a slight extent avoided the fixing of the observer’s attention upon 
the A with which the several B's were being compared ; his judgment 
was, without explicit reference to either block as a standard, merely a 
judgment ‘of equality. In case of a perceived difference he indicated 
which was the heavier. 


Subjects. 

It is desirable for experiments on the psychology of the blind that the 
subject •should have been totally blind from birth. It has. been held, in- 
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deed^ that with the congenitally blind we should class as competent ob- 
servers those who became blind during their first year/ and .many who 
have studied the blind have included in their observations those who 
had lost their sight as late as the seventh year.* Obviously the mental 
life of those whose experience includes light sensations cannot be iden- 
tical with that of those totally blind from birth. The assumption that the 
conditions are similar cannot be established until the psychology of the 
congenitally blind, who have never seen light, has been first studied. 
The subjects in the experiments here described hdve b^en blind from 
birth and have never seen light. 

is a college graduate and university professor ; he is a mathema- 
tician of international reputation. O, his brother, is in business in New 
York. They are both graduates of the New York Institution for the 
Blind. 



J/was from the start quite aware of the illusion, and though he was 
kept in ignorance of the purpose of the tests, he repeatedly spoke of the 
impossibility of correct estimates of weight when the objects compared 
were of different sizes. It was his opinion that of the two tests the second, 
i.«., with the weights on the palm of the hand, was the least accurate. 
His custom had always been to compare weights by grasping in quick 

1 Heller, Studien zur Blinden-Psycholo^^ie^ Phil. Stud., 1895 XI 252. 

*Hociieisen, Ueber den Muskelsin bei Blinden^'YX, f. Psych, u. Phys. d. Sinn., 1893 
V 239. 
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sutcession the objects to be judged, and dropping them, if small, from 
One hand to the other, or by weighing them upon the tips of the fingers, 
as in the case of coins. In the methods of these experiments he had no 
previous experience. 

O was also fully aware of the illusion. He, like My considered the 
third series of judgments the least satisfactory, and expressed the same 



preference for grasping rather than mere lifting upon the palm. O 
thought that size was less diverting in the first series than in the second. 

Experiments. 

(1) .The first Series of tests was that in which the knowledge of size 
was gained through the muscle sense, corresponding to Seashore* s 

fourth series, H, muscle sense.** An A and a B block, resting on end 
upon a soft pad, were lifted in succession, being grasped around the 
circtimference by the thumb and middle finger of the right hand. If the 
weights were judged unequal, the B was replaced by another of the feime 
set. Because the observer did not have to make any choice of B'^y but 
to consider only two blocks at a time (selected by the one conducting 
the experiment), he could fix his attention upon the question of equality 
of weight undistracted by the knowledge of the number of blocks that 
might possibly be compared. 

(2) In another set of experiments the block was laid *on the palm of 
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hand ; this gave an idea of the size, the height being known to be- con- 
stant. This corresponds to Seashore’s fourth series, I, touch.” 



Fig. 28. 
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•Th.e results are given in the table. Each result in the columns Dj and 
Djt is the average of 5 original measurements ; the probable error for 
these results never exceeds 4% and is generally less than 2%. The re- 
sults in the table are indicated graphically in Figures 24, 25, 26, 27. 
Figure 28 shows the average results for both observers together with the 
curve H of Dr. Seashore’s experiments. 
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Of subjects. 

Cf number of millimeters by which the 
diameter in Set A differed from that in Set 
B (having a weight of 80*). 

B>Ji -Oiif Df number of grams by which 
the estimated weight of the block in Set A 
differed from its true weight, the block be- 
ing grasped. 


Elf Ertf Ef same as Z?/, /?//, the 
block resting on the skin. 

/?/, Elf experiment begun with the 
lighter blocks. 

Diif Eji, experiment begun with the 
heavier blocks. 

Df E, averages of Di and Z>//, and of 
Ej and En respectively. 


For the sake of comparison the curves obtained by Seashore for the 
same senses in the seeing are reproduced in Fig. 29 from Fig. 5 of 
Seashore’s monograph. 


Conclusions. 

The results seem to justify the following conclusions : 

1. The. size-weight illusion obtains among the blind. 

2. It follows the same general law as among the seeing, but is not so 
great either for the muscle sense or for touch as for the same senses 
among the seeing. 

3. The illusion tends towards the side on which the weight is ap- 
proached. 



CEREBRAL LIGHT.' 


BY 

E. W. Scripture. 

In darkness or with closed eyes we can always see irregular forms of 
light in our visual field. These forms are of various ^kinds, series of 
waves, successive rings that spread and break, etc. In addition to these 
definite figures there is always more or less definite irregular illumination 
over the whole field. These phenomena are generally called the retinal 
light or the ** Eigenlicht of the retina.** They are usually supposed to 
arise from chemical changes going on in the retina. I wish to record 
some observations that apparently prove them to be cerebral and not re- 
tinal processes. 

1. With closed eyes there is only one illuminated field, not two, as 
there should be from the two retinas if the light were retinal. Two re- 
tinal figures might appear as one under the conditions : {a) of suppres- 
sion of one field, which is not the case here, because it is impossible to 
keep one field suppressed for many minutes, whereas I have watched the 
retinal figures in uninterrupted continuance for a long time ; (/^) of per- 
fect identity of form, which is hardly a possible supposition in the case 
of these irregular, volatile, chemical phenomena ; [c) of sufficiently sim- 
ilar construction for union by stereoscopic vision, which also is not the 
case, as there is no relief-effect in the picture. 

2. I'he figures do not change in position when the eye is moved. 
They are localized in front and remain in the same place, even if the 
eyes are directed to one side. I find, however, that if the eyes are 
turned to a new position and kept there, the central figure (a spreading 
violet circle with a phosphorescent rim) will soon afterwards follow the 
movement ; there is thus a tendency for this figure to occupy the spot of 
sharpest vision. 

3. The figures do not change in location when the eyes are displaced. 
When the eyes are looking at some definite object, e. g., this page, a 
pressure of the finger on one of them will cause the page apparently to 
move. ITiis is true whether the other eye is open or closed. Likewise, 
if an after-image is obtained, it will move upon pressure of the eyeball. 
The pressure displaces the eyeball and changes the projection of the re- 

’This account )vas first published in Science, 1897 N. S. VI 138. 
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tinal picture. This displacement does not occur with retinal light.*' 
I.have repeatedly observed these figures and have manipulated the eye- 
balls ; I have found that they are not in the slightest degree affected by 
the manipulations. In order to avoid all possibility of errors of obser- 
vation, I have made the experiments in a series alternately with eyes 
open and eyes closed. With the eyes open I observed a dimly illumi- 
nafed window; with them closed I saw the “retinal** figures. The 
former .always followed the displacements, the latter never. 

These observjitions* are, I believe, sufficient to establish the proposition 
(which I have not seen elsewhere) that the phenomena of vision usually 
known as “ retinal light ** and “ retinal figures ** are not originated in 
the retina, but in the brain. They should, therefore, be termed “cere- 
bral light** and “cerebral figures.** 

The following hypothesis seems also justified. The cerebral light is 
located in those Jiigher centers of the brain which are connected with 
visual memories and imaginations. While watching the cerebral figures 
I find that my visual memories or phantastic figures appear in the midst 
of the cerebral light and frequently cannot be distinguished from them. 
The close connection of these cerebral figures with the contents of 
dreams has been repeatedly noticed by Johannes Mueller and a series of 
later observers. There is also the possibility that the hallucinatory 
visions produced by hashish, mescal and other drugs may be simply mod- 
ifications of this cerebral light. 



RESEARCHES ON MEMORY FOR ARM-MOVEMENTS. 


BY 

E. W. Scripture, W. C. Cooke and C. M. Warren, 

In the arm -space board’ a wooden scale carries along its upper edge, 
a small glass rod. At the zero point in the middle ther^ is a fixed metal 
plate. On each side there is a movable slide carrying an adjustable 
pointer. Before the experiments the pointers are pushed forward as 
far as possible. 

The apparatus is placed on a table with the scale away from the subject. 
The subject, seated with eyes closed or covered, places his forefingers 
against the zero-plate, one on each side. 

The experimenter moves up the two slides to the fingers till they press 
gently. The pointers strike the zero-plate and are pushed back auto- 
matically. This eliminates the errors due to the widths of the finger, as 
all readings are to be taken from the end of the pointer. 

The subject places himself directly in front of the zero-mark and closes 
his eyes. The experimenter places the left-hand (referring to the sub- 
ject) slide at a certain distance, d. The right-hand slide is moved out of 
the way. The subject moves his left fore-finger evenly outward till •it 
strikes the slide, and then returns it to zero. The experimenter quietly 
moves the slide out of the way, and after an interval of / seconds the 
subject moves his finger again till it seems to be in the same place as be- 
fore. The experimenter now moves the slide up till it touches the finger 
and.reads the record at the end of the pointer. The tenths of a centi- 
meter are estimated by the eye. The result in millimeters is placed in 
the record blank. 

In a set of experiments carried out by Mr. Cooke in 1896-97 on ' 
four college students as subjects, the distances 100”'*", 300"™™ and 500™“ 
were investigated for the intervals 2", 10“ and 20“. The constant and 
probable errors were calculated in the following way. If 
are the observations for given values of / and dy we have for the average 

«, + aj + - + 

d , 

n 

from which we obtain the constant error C= a — d, 

1 Scripture, Elementary course in psychological measurementSy Stud. Yale Psych. 
Lab., 1896 IV 97; Scripture, New Psychology, 187, London 1897. 
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For comparison with these experiments on untrained observers another 
set was undertaken by Mr. Warren in March, 1898^ in which the sub- 

feet was the laboratory janitor, A. Fisher, 
a trained observer^ with no interest in the 
results. The constant error was calculated 
as before, but the probable error was de- 
rived by the more accurate formula 





+ g/ H h g.' 


« — I 


The results for the intervals 1 5*, 30", 45“ 
and 60" and for the two distances 200"*® 
and 300““ are given in Table II. The 
first division for 200™"* and that for 300’"“ 
give the results when the experiments were 
made in the following order : 15* — 200, 
300, 300, 200 ; 30“ — 200, 300, 300, 
200, etc. The other experiments on 
200*“™ were made on successive occasions, 
the distance being constant but the in- 
tervals of time being varied irregularly, 
thus 200*"™ — 15, 60, 45, 30, etc. The values of the table are expressed 
in Figures 30, 31 and 32, 


Table TT. 

2CX)™® 200*““ 300"““ 


Time. 

C 

P 

n 

C 

p 

n 

C 

P 

n 

15* 

—23 

*7.3 

17 

— 9 

16.3 

15 

-30 

21.8 

17 

30 

+ 2 

30.2 

17 

— 21 

18.5 

15 

—37 

15.9 

17 

45 

— 9 

29.5 

12 

— 20 

IS-I 

15 

—24 

31-5. 

12 

60 

+ I 

37-2 

12 

— 9 

* 3-6 

15 

—47 

15-7 

12 


These experiments seem to justify the conclusion that even for the same 
person the law of the constant error changes with the distance and with 
the method of the experiment. The probable error, however, is "quite 
evidently an increasing function of the time-interval ; the pperiments 
are, however, not extensive enough to justify an attempt at determining 
its law. 


^Stud. Yale Psych. Lab., 1896 IV 24. 



PRINCIPLES OF LABORATORY ECONOMY. 

liY 

E. W. Scripture. 

One of the most cMfficult portions of the work of the experimental 
psychologist is the development of the technical methods required by the 
science. One set of these methods comprises those involved in manag- 
ing a laboratory. The following results of an experience of four years 
as a student in the laboratories of I-eipzig and Worcester and of six years 
as director of the Yale laboratory may be of value to others. The material 
comprises the substance of what I am accustomed to say on this subject 
in a few lectures of the regular technical course for specialists in psychology. 

General plan. 

Two distinct kinds of work fall upon the laboratory ; they may with 
fairness be characterized as : i, college work ; 2, university work. 

College 7 uork. 

In a college the aim is to provide an outline-knowledge of the subject 
su&cient for general culture. Research or advanced courses are ([uite 
out of the question. 

In a small college the resources must necessarily be limited. With an 
appropriation of a few hundred dollars the instructor can get along with 
one or two rooms, an equipment of tables and chairs, apparatus for time- 
records, sight, hearing, etc. What can be done on the subject of the 
senses at small expense is shown in Sanford’s Course in Experimental 
^Psychology, Part I, Boston 1898. However, it must be borne in mind 
that the book covers only a portion of the science and it is very im- 
portant that the instructer should not give the impression that this is 
all ofj)sychology. In a laboratory with moderate means the mechanical 
skill and ingenuity of the instructor come especially into play. With a 
fair supply pf tools the trained man can give a more interesting and. 
valuable course at a small expense than an unskilled man with far. 
greater facilities. Thq frequent inquiries concerning the amount requisite 
for starting a college laboratory may be met with the statement that it 
all depends on the man employed. Success with only $300 or $$00 a 
year is possible for a skillful man who has had a thorough training, and 
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who has had experience as an assistant in a larger laboratory. . With 
$500 at the start; about $200 should be put aside for running expenses 
and for unforeseen contingencies. For $50 a good lathe and a number 
of small tools can be obtained. If the electric current is available in 
the building, a hand-feed arc lamp can be imported for about $5, a re- 
sistance coil for II2.50, a pair of condensing lenses for $1.50, a simple 
objective for $i ; the rest of the lantern can be made as indicated in 
these Studies, 1896 IV 84. If electricity is not available, a different 
luminant may be used. An English oil-lantern need ilot be expensive \ 
an acetylene lantern is not excessively costly and is very successful ; an 
oxy-hydrogen lantern for compressed gases, though more costly, is very 
satisfactory, especially if fitted with the Linnemann burner for zircon- 
plates. The slides can be made by the instructor or by an interested 
student ; a very large number of experiments can be performed with the 
lantern instead of with ‘‘demonstration** apparatus. For a few dollars 
each the following articles may be obtained : color wheel, Kolbe*s color 
cylinders, color discs, Bradley*s pseudoptics, stereoscopes, stereoscopic 
diagrams, etc* More costly but necessary pieces are : recording drum, 
tuning fork, telegraph keys, batteries, etc. 

For the larger colleges a more elaborate equipment is necessary. Com- 
parisons are constantly drawn between the various departments, and 
merely as a matter of self-preservation the psychological laboratory must 
offer courses equal in attractiveness and value to those of ijhysics, chem- 
istry and biology. A lecture-room with at least a single lantern and a satis- 
factory equipment of demonstration apparatus should be provided. The 
elementary laboratory course should be followed by a carefully planned 
course in psychological measurements. Part of the course in measurements 
given at Yale is printed in these Studies, 1896 IV 89-139. The 
appropriation and yearly income of the laboratory must be (piite consider- 
able, if the lectures are to be on an impressive scale and 'the two laboratory 
courses are to be really valuable. 

University tuork. 

The university student chooses to study psychology either because he 
will need it in connection with philosophy, pedagogy or medicine, or 
•because he expects to be a psychologist himself. The laboratory should 
•furnish instruction for both classes of students. 

In the fifst place a general lecture-course should* be provided with full 
demonstrations of all the most important methods and results in all the 
fields of psychology. The apparatus required must necessarily be of a 
distinctly high grade. The university student demands the* best in- 
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striiction. Moreover, if the other departments, such as physics can 
show better, brighter and more numerous pieces of apparatus the students 
are apt to draw disparaging conclusions. The students are no longer a 
‘'class*' to be taught; they are an “audience" that must be led. When 
a speaker, whether on account of himself or on account of meager 
equipment, loses the interest or the respect of his audience, the instruc- 
tion ceases to be effective. 

Laboratory courses, like those already rhentioned, should also be given. 
For the special sftidenfs in psychology a course of lectures on the theory of 
statistics and measurements should also be given in connection with prac- 
tical exercises in the laboratory. These exercises should be most carefully 
planned to show the development of the final methods of measurement 
from the fundamental operations. For example, the subject of time might 
begin with timing and regulating a clock ; thereupon would follow the tim- 
ing of a tuning fork, the determination of the errors of markers, keys, etc. 
When this has been learned simple reactions can be measured under the 
various conditions of stimulation, attention, etc. Finally, the morecom- 
I)lex processes are to be recorded. Similar methods could be followed 
for sight, hearing, volition, emotion, etc. 

The object of the laboratory instruction is often misunderstood. It is 
not to teach facts of psychology ; these should be treated in a lecture- 
course. The objects are : (i) the cultivation of the powers of introspec- 
tive and external observation; (2) the development of dexterity in 
carrying out psychological experiments and measurements ; (3) training 
in the computation and adjustment of measurements. Students who make 
a specialty of psychology should also be trained in the construction and 
care of apparatus, in machine -design, use of tools, lathe work, vise work, 
etc. 

Another department of university work lies in research. The art of 
research js probably the most difficult thing to teach. Some persons have 
the notion that anybody can successfully undertake researches with no 
preliminary training. Research is an art^ as much an art as painting or 
singing. Any one can daub paints, sing tunes and investigate the mind, 
but tile results differ from a painting by Correggio, a song by Patti, or 
an investigation by Helmholtz. The director of a laboratory for research 
must be a rllan with an inborn tact at overcoming obstacles of apparatus 
and in extricating himself from intricacies of method. He must be a 
man of vivid imagination ; just as a painter must compose anA constantly 
modify the ideal picture in his mind's eye, so the scientist must outline, 
invent and modify mentally the whole apparatus and method employed 
before h6 begins the actual work. Just as a painter must acquaint him- 
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self with the minutest details of preparing and mixing paints, pf per- 
spective, shading, varnishing, etc., so must the psychological investi- 
gator have in mind just as many kinds and combinations of apparatus, 
manipulations and methods as he can possibly learn. This is the ideal 
which the special student should always have in mind. The young 
investigator should go through a preliminary apprenticeship in assisting 
more advanced workers, and should prove himself a well qualified Hian 
before attempting to conduct work. 

Building. 

If possible the laboratory should be situated in a building back from 
the street, preferably in the suburbs. If it is in a building with other 
departments it should have the top floor, and the smaller rooms for ob- 
servation should be at the back. Just as freedom from shaking is the 
indispensable condition for many physical exi)eriments, so freedom from 
noise is the fundamental requisite for the successful prosecution of many 
psychological investigations. Of course, where only demonstrational 
work is required such conditions are unattainable and unnecessary. 

In regard to the general plan of a scientific building reference may be 
made to Durm's Handbuch der Architektur, IV. Theil, 6. Halb-Band, 
2 . Heft : Gebixude fiir Erziehungy Wissenschajt und Kunst. 

Lecture-room. 

One of the first cares of the instructor will probably be the lecture- 
room. Although one like that to be described will seldom be attainable, 
the main requirements are the same for most cases and they can be 
met in ways as nearly like the ideal ones as possible. All seats in the 
room should command a good view of the experiment table. In a 
small institution a large table in an ordinary lecture-room would be 
sufficient. With large classes, however, the seats must rise toward the 
back ; the rise should be about 1 2"" at the second row with a regularly 
increasing rise for each succeeding row. If the seats are arranged in 
curves, a rather flat hyperbola ought to be chosen. Before the windows 
black shades or shutters for darkening should be placed. The many 
elaborate arrangements in use arc generally very costly ; recourse is gen- 
ially had to common spring rollers. For further suggestions* see Wein- 
HOLD*s Physikalische Demonstrationen and Frick-Lehmann’s Physika- 
lische Techftik. 

The ceiling and walls of the room should be as white as possible. 
The researches in school -hygiene have shown that dark colors, panelings, 
rows of blackboards and any other arrangement that lessens the diffusion 
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of .light must be most scrupulously avoided.' The daylight should 
come from the left and back. Artificial illumination should be indirect 
or semi-indirect ; that is, the light from the luminous body should not 
fall directly on the books of the students, but should be diffused by being 
first sent against the ceiling or by passing through translucent globes.* 

The method of completely indirect illumination can be perhaps best 
use*d in the case of an arc light. The reflector beneath the lamp hides 
it completely from view and sends the light to the ceiling, whence it is 
dispersed around the Voom. The ceiling should be newly whitened each 
year ; a special reflector, however, may be used above the lamp instead 
of the ceiling. In the combined method of illumination part of the 
light passes directly through a lower globe of translucent glass while 
part is reflected upward. For lecture-rooms the completely indirect 
illumination seems preferable. 

Other sources of light, such as the Auer gas incandescent lamp, the 
electric incandescent lamp, etc., may be treated in like manner. Fur- 
ther details and literature may be found in the article by Bayr. A good 
account of arc-lighting is given in a pamphlet, Ueber Bogenlampen fur 
zerstreutes Licht, published by the manufacturers, KOrting & Mathiesen 
in Leutzsch, near Leipzig. 

A fundamental piece of apparatus for the lecture-room is the lantern. 
A general sketch of the principles involved has been given in these 
Studies, 1896 IV 82-88 ; further details may be found in Wright’s Op- 
tical Projection. 

Another fundamental factor of the lecture-room is the experimenter’s 
table. This should be a table, or rather a counter, about 5 x 0.9 x 0.9 
meters in size. Better than one table are two tables, each two meters long, 
placed endwise with an intervening space of about a meter which can be 
covered by a hinged leaf ; this allows very tall apparatus to be set up on 
the floor between other apparatus. The space under the table is utilized 
for drawers and open closets where tools and apparatus of constant use 
are kept. 

The fundamental rule in regard to the use of the table is : never allow 
any projection to be fastened to the top. Nails must not be driven in ; 
they are sure to be forgotten and to get in the way at some critical mo- 
ment, perhaps to overturn or scratch some valuable piece of apparatus? 
All nails and screws should be driven into blocks of wood which ard 
fastened to the edge of the table by clamps. This rules applies to all 

1 Burnham, Outlines of school hygiene^ Pedagog. Seminary, 1892 II 9. 

*Bayr, Ueber Beleuchtungsversuche^ etc,y Zt. f. Schulgesundheitspflege, 1898 XI 129. 
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tables in the laboratory except when, after trial, it is decided to set-up 
some permanent piece of apparatus. 

Workshop. 

As the progress of psychology depends to a great degree on the wajr in 
which this department is managed, money invested in a proper equipment 
of tools will often bring better returns than if spent in ordering instruments 
from dealers. In fitting up this room we should take into consideration 
its purpose and that becomes clear when we take note of a few facts 
about apparatus. Apparatus in use industrially, such as electric motors, 
telegraph keys, batteries, etc., can be obtained readily and cheaply in 
America. On the contrary, apparatus that is in use only for scientific 
purposes can be obtaind here only at exhorbitant prices if at all, and 
owing to the lack of trained workmen it is generally of the poorest qual- 
ity. All such instruments already in use, e. g. , kymographs, tuning-forks, 
time-markers, etc. , must be gotten directly from the European makers. 
In addition to these two classes there is apparatus for special purposes which 
must either be ordered from instrument makers or made in the laboratory 
workshop. The difficulty and delay in sending designs to Germany or 
France and the great disadvantage of not being able to supervise the vari- 
ous stages of construction are readily apparent. It is highly desirable in 
a large laboratory to set up a workshop and to provide a proper artisan 
to take charge of it. "I'he work to be done will be the making of all 
special research-apparatus, also the repairing and testing of all instruments 
received from elsewhere. This course is the one followed by nearly all 
European laboratories^ of physics and physiology ; the high wages and 
lack of skill of the American mechanic tend to throw the psychologist 
more on his own resources. 

The size and equipment of such a workshop depend on the character 
of the instructor and the importance of the part played by research. 

The first necessity of the workshop is sufficient light, both by day and 
by night ; that is, there must be sufficient windows and lamps so arranged 
that there are no deep shadows into which the work in hand can happen 
to get. Nevertheless, no very bright or blinding lights are to be per- 
mitted. The room is preferably placed on the north side, otherwise the 
«outh windows must be well provided with curtains. The la\nps are not 
to be placed in the middle of the room, but to be scattered over the walls 
and around* the tables. 

The most important and essential article in the workroom is the work- 
bench, which, should be placed on the lightest side of the room, preferably 
in the corner# It is to be a very strong table of oak, or ash, -which is 
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fastened by braces built into the wall, so that in filing, sawing and chisel- 
ing in the vise no noticeable shaking of the bench occurs. The size 
should be about 2“ x 0.7“; the height should be 0.75'“ to™ 0.80. The 
regular mechanic’s height, 0.9™, is to be reduced because this requires con- 
tinual standing, which is a great hardship to persons of sedentary habits, 
such as will necessarily often be at work at the bench. The vise is 
to be placed at the right front corner of the table and, if possible, oppo- 
site the middle of the window. A smaller vise may be placed on the 
left-hand side 01' the teble. Next in importance to the work-bench is the 
lathe. It is to be placed before the window on the north side of the room. 
There should also be a grindstone, with pulley in case power is at hand. 
In one corner there may be a forge beside which is a heavy anvil on an 
oaken block. By the eastern wall of the room there should be a carpen- 
ter’s bench unless a separate room is to be given over to carpenter- work. 
Around the walls are the tool cases. The tools should, as far as pos- 
sible, be put in straps or leaned up against grooved boards or laid in 
order on the shelves of the cases. The cases and the walls of the room 
are to be painted with a light color for sake of illumination. The floor 
is to be varnished ; this protects it against too rapid wear, lightens the 
cleaning, and avoids the odors that arise from the absorption of gases by 
unvarnished floors. A stone floor is inadmissible. Further details in re- 
gard to the workshop may be found in Lehmann’s Physikalische Technik. 

Electrical connections. 

An essential for first-class work in psychology is the protection of the 
person experimented upon from all sources of disturbance. This generally 
involves the separation of the experimenter from the one experimented 
on and often involves the use of two or more separate rooms between 
which the only connection is by means of electric wires. 

The experience of telegraphy and telephony has shown that the proper 
method of connection is by means of wires to a central station from each 
point involved. Wires should be brought from each room to a switch- 
board in some convenient place where they can be connected in any way 
desired. A switchboard on the plan of a telephone switchboard with 
56 terminals is used at Yale ; each wire is joined to a terminal and 
numbered.-' By means of flexible connectors any combination desired 
can be made and yet any unused wire left untouched. The wirirfg 
should be done strictly in accordance with the regulations bf the board 
of underwriters, a copy of which can be obtained from the nearest fire 
insurance office. It is not advisable to use wire of a diameter less than 
2.7““ (No. 12, American gauge). 
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Collection of apparatus. 

On account of moisture and dust the apparatus should not be kept in 
rooms frequently used. It is best to devote a special room to this^ pur- 
pose. The floor should be of wood and the cleaning should be dpne 
with a moist cloth. The cases for holding the instruments are to be 
furnished with glass doors which should be kept tightly closed. Each 
piece of apparatus should have a name or a number and a specified place 
in the case or cases ; small gummed labels or jeweller's tags are useful for 
this purpose. Small cards with the names of the pieces are fastened on 
the shelves of the cases by card-pins. 

Each piece of apparatus should be entered under its name in the in- 
ventory and the apparatus book. The latter should contain for each piece 
a complete record of its purchase, its use, its constants, where it is to be sent 
for repair, where to obtain parts, where to find literature on its use, etc. 
For this purpose a regular letter file can be used ; all the data — ^bills, 
printed descriptions, etc. — can be filed with the rest of the account. 

Isolated room. 

To obtain the quiet necessary for most .psychological investigations an 
isolated room may be provided, where .the person experimented upon 
can be kept indefinitely in perfect external darkness and (piiet. A de- 
scription of the Yale room and suggestions for improvement may be 
found in these Studies, 1893 I 271, 1896 IV 16, and in Scripture's 
New Psychology, 136, London 1897. 

Other rooms. 

The other rooms will vary so much in arrangement with the construc- 
tion of the laboratory that little can be said definitely. I would suggest : 
I. an optical room with black walls, heliostat window and photometer 
arrangements; 2. a time room with clock, chronogr&ph, chronoscope 
and other equipment ; 3. a photographic room. 

Selection of apparatus. 

Let us suppose that the appropriation has been obtained and that the 
director has, after carefully planning an ideal laboratory, made up his 
ihind to adjust himself to the actual situation. The next thing to 
do is to select apparatus. For this purpose he should obtain catalogues 
from the chief makers and also lists of the apparatus possessed by other 
laboratories. The catalogues should be carefully studied. The di- 
rector must at any time know just where to obtain each piece at the low- 
est price for the best quality. For example, electrical tuning-fcfrks will 
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be •described and illustrated in 15 or 20 catalogues, whereas there are not 
more than two places from which they can be bought to the best ad- 
vantage. The list of needed apparatus is finally made out ; when added 
up, it will be found to be four or five times the entire appropriation. 
A process of selection must now be instituted. I venture to propose a 
rule, almost self-evidently proper, yet often neglected : select those pieces 
that for each dollar of cost will bring a maximum return in time of use 
and in results obtained. For example, let us suppose it necessary to 
choose between “the Ellis harmonical ($65), a color-apparatus forex- 
centric parts of the retina ($15), and a kymograph (§175). 

It would hardly be justifiable to occupy more than half an hour of a 
lecture-course in experiments for which the harmonical can l)e used. Let 
us suppose that the class includes forty persons. The time-value of the 
harmonical can then be said to be x 40 — 20 efficient hours per year. 
Let the deterioration and interest on investment on all the instruments be 
placed at 10% per year. The cost of the harmonical is thus $6.50 for 20 
hours, or about $0.33 per hour per student. The color apparatus would 
be used for about the same time, giving a cost of $0.08 per hour per student. 
The kymograph is, as we all know, in constant demand ; in a busy lab- 
oratory where research is going on it will probably be used not less than 2 
hours per day for 35 weeks of the academical year, or over 400 hours for 
research. For lectures on time, memory, motion, etc., it will be used for 
a total of, say, 5 hours per year for 40 persons, or 200 hours more. 
This makes 600 hours per year for fli 7. 50 or about $0.03 per hour. Thus 
the kymograph is ten times as profitable as the harmonical, and nearly 
three times as profitable as the color apparatus. 

This method can be applied to every piece of apparatus, every tool, 
every piece of furniture, etc., yielding a definite answer in each case. 
The trouble, of course, lies in estimating beforehand the amount of use 
to which an instrument will be put. The success with which this is 
done is what is known in the commercial world as “ business sagacity,” 

business tact and experience,” etc. 

Perhaps in this connection it may be desirable to state the results of 
experience at the Yale laboratory with a few of the more important parts 
of the equipment. One of the most profitable parts is the lantern equip- 
ment, representing an investment of about $400, and used on about 6d 
occasions per year for periods of 10 to 30 minutes for classes of 60 to 130 
students. Fully as profitable is the lathe equipment ($100) with motor 
($150), shafting, belting, grindstone and the various accessories. The 
circular saw is also of creditable efficiency. The extensive equipment of 
small tobls and supplies of all sorts is of special value where apparatus is 
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made. The total workshop equipment is worth about ^400 exclusive* of 
the constantly replenished supplies ; it is in use eight hours a day by the 
mechanic and approximately four hours a day by workers in the labora- 
tory. When we consider that much of our best research work and many 
of our demonstrations would be impossible without the aid of the work- 
shop, we are forced to conclude that this equipment is very profitable in 
spite of the large expense for wages and materials. Moreover, in a new 
science where new pieces of apparatus are required for every important 
advance, the cheapest way of getting such apparatus is by making it in 
the laboratory. In regard to apparatus such high returns for investments 
are not to be expected ; our most profitable pieces have been the record- 
ing drum for hand or motor, 100 v. d. electric fork, spark coil, multiple 
key, chronoscope, kymograph, piston recorder, etc. Apparatus used for 
research should be judged by the value of the results obtained. 

In business there are losses as well as profits ; in managing a laboratory 
we cannot always make the most judicious selections. Nevertheless, by 
applying these principles of laboratory economy we can make the money 
invested bring much larger returns than by spending it hap-hazard. The 
difference between an economically managed business and a loosely 
managed one is the difference between success and failure. Labora- 
tory economy does not, after all, differ fundamentally from business 
economy. High grade efficiency cannot be attained anywhere unless the 
man at the head knows his business down to the minutest details. The 
best laboratory is not the one on which most money has been expended, 
but is the one that yields the largest net result in scientific research and 
in instruction for each dollar expended. 

Economy in investigation. 

In a large laboratory with many investigations going on, it becomes a 
very difficult task to adjust matters economically. Each investigator 
thinks only of his own needs and is generally oblivious to the fact that 
when a piece of apparatus is monopolized by. him it is lost to every one 
else. He is likely, for example, to set up the kymograph in such a way 
that no one else can use it, whereas with just the same labor it migkt be 
arranged for every one. He should be taught to choose and arrange his 
Apparatus so as* to produce a minimum disturbance. Suppbse that he 
wishes to produce a click for a warning-signal and that there are two- 
sounders and only one relay in the apparatus case. The relay is generally 
the easiest to adjust ; by taking it, however, he would get no better 
sound and would render it impossible for any else to use relay currents. 
The investigator should learn to use the cheapest materials at hhnd. If 
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for. example, he wishes to conduct a telephone-current, he should not 
follow his first impulse to use very large, silk-covered, expensive flexible 
cords made for incandescent lamps, but should content himself with com- 
mon office wire. 

Still more important is it for the student to learn how to plan and 
execute his researches. The ignorant method of piling up indiscriminate 
measurements in large quantities leads to nothing. The problem for in- 
vestigation should be first definitely stated. As soon as the work is suffi- 
ciently advanced to ihvolve measurements, the investigator should make 
clear to himself whether the work is to consist in a determination of a 
single quantity or in a full investigation. In the former case he must, 
before making his final measurements, examine and consider all possible 
sources of error, and should carefully estimate and adjust them so as to 
obtain the required degree of accuracy. The instructions for this work 
and for carrying out the measurements are to be found in Weinstein’s 
Physikalische Maassbestimmungen, Berlin 1886, Volume I., to page 282, 
omitting certain parts that refer to full investigations. In the case of a 
full investigation, where the object is the determination of a function ex- 
pressing the dependence of one quantity on other quantities, the work 
becomes much more complicated. The student should be familiar with 
the whole first volume of Weinstein. This work by Weinstein is 
rather voluminous and it contains no psychological examples ; it is to be 
hoped that a smaller work on the subject will be written specially for the 
use of psychologists, economists and biologists. 

Any attempt to carry out serious investigations without a knowledge 
of the principles involved results in a wasteful piling up of figures with- 
out any adequate return in the way of laws or facts established. Such 
an extravagant procedure has become impossible in sciences like physics ; 
it must soon become so in experimental psychology. 

The proper understanding of methods of measurement and investigation 
requires a familiarity with at least the elements of analytical geometry and 
calculus. The student can get along with what is contained in Nernst- 
Schoenflies’s Einfuhrung in die mathematische Behandlung der Natur- 
wissenschaften, or, in regard to calculus, with FisheiPs Infinitesimal Calcu- 
lus, although a more extended study like that involved in working through 
such familiar books as Stegemann-Kiepert’s Differentftil- und Integral- 
rechnung or Schloemilch’s Compendium der Analysis with the examples 
given by Fuhrmann, Naturwissenschaftliche Anwendung dei^Differential- 
und Integralrechnung, is highly desirable. Without at least an ele- 
mentary acquaintance with calculus and a familiar working knowledge of 
the science of measurements higher scientific work will Bemain unintel- 
ligible and inaccessible to the student of experimental psychology. 
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In reply to requests for the colors of the glasses employed in the color- 
sight tester described in these Studies, 1895 III 103, the following com- 
plete list is given: (i) dark gray; (2) ground glass; (3) medium 
gray; (.< 4 ) red; (B) ground glass; (C*) blue; (2?) green.; ( 5 ) 
green; (/^) brownish yellow ; ( 6^) ground glass ; (ZT) gray glass ; ( 7 ) 
green ; (/) bluish green ; (AT) red ; (Z) violet. This arrangement is 
made for reasons that will become evident to the users of the tester. 
When the test is being made, the subject should be made to promptly call 
off the colors in the order i, 2, 3. The dichromats of the first-class 
(Seebeck), or the so-called green-blind, make mistakes on light green 
and dark red ; those of the second class, or the red blind, make mistakes 
on the light red and dark green. Iloth classes almost invariably call the 
violet ‘‘blue.’* Plain dark grays will be frequently called green by the 
first class, and red by the second. These results hold good for the color- 
weak of both classes, provided the instrument is used in a properly 
moderate light, for example, not in sunlight. 

In order to advance psychological work at this period when good 
special instniments are hardly obtainable, the Director of the Yale 
Laboratory offers to furnish to experimental psychologists — as far as 
may be practicable — blue-prints of the working-drawings of any of the 
special Yale pieces. A nominal charge of ten cents each will be made to- 
cover the cost of paper and mailing. The instniments can be made from 
these drawings by any laboratory possessing a mechanic. These drawings 
will not be supplied to apparatus-makers or other persons than psycholo- 
gists except in special cases. 

The following changes and corrections are to be made in the Elementary 
course in psychological measurements published in these Studies, 1897 
IV. 

Page 89, in line 9 from bottom read “ for about two or three hours 
each.” 

Page 102, th^ formulas in the middle of page should read 




Page 12 2, in lines 3 and 7 from top, and in line marked TP, read 
“Ex. IX.” instead of Ex. VI. 
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Fage 12 2, lines 8 and 9 from top should read : “ The 4^4 current is 
sent through the break contact of the key and the spark coil in the way 
explained in Ex. IX ; the condenser is connected around the key as 
usuaj. ’ * 

Page 122, in the line marked G insert 7*^ after the word “sounder.’^ 
Page 123, in the last line of the specimen record the decimal point 
has been omitted in two cases; they should read —4.6 and — 8.7 instead of 
— 46 and — 87 respectively. 

Page 129, the last lines of paragraph p should read ‘‘ Place the second 
contact at 80®, then at 120® and then at 160® ; draw zero-lines as before.** 
Page 138, in line 8 from the bottom change meter to “ i meter.** 
Page 139, in line 21 change and to “ 1/2;// ** and “ 1/2//.** 
Page 139, in line 16 change 2/;/ and 2n to ‘‘ 1/2;;/** and 1/2;/.** 
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A COLOR ILLUSION, 


BY 

George Trumbull Ladd. 

Some time ago my attention was called by Dr. George T. Stevens, 
of New York City, to a color illusion which, in spite of its suggestive- 
ness, has not, so far as I am aware, been hitherto discussed or even 
noticed. 

In Fick*s Lehrbuch der Augenheilkunde, p. 50, I.eipzig, 1897, there 
is a colored difigram called an ‘‘example of Stilt.ing’s charts" for the 
purpose of testing color blindness. It consists of a pale-green back- 
ground, in size 36""" by 44"'™, which is divided into squares of by 

lines of white 0.4"*"* in width; on this background a red letter E 21"““ 
by 34"‘"‘ is constructed out of similar red squares. 

It was noticed that, when this figure was observed for a few seconds with 
a fixed gaze, some or all of the red scpiares disapi^eared and were replaced 
by green scpiares like those of the background. Practice had the usual result 
of facilitating the speed and completeness of this illusion ; it soon enabled 
most of those on whom the experiment was tried to get the result in a 
more or less startling way. I will only add that with me the illusion is 
invariably connected with a conscious change in fixation of attention, 
and — if I may be allowed the expression — the internal motor adjustment ; 
and the red squares always turn dark and become a blackish -green for an 
instant before they disappear and are replaced by the green of the color o 
the background. 

The first suggestion for an explanation of this interesting illusion would 
connect it with the relations of the retinal images of the two eyes. But 
such an explanation is at once negatived by the fact that the illusion is 
obtained equally well, or even better, with one eye. It is thus not an 
affair peculiar to binocular vision. Neither is it a phenomenon of blur- 
ring due 4 o minute rapid movements of the eyes, or to relaxation of tjie 
muscle of accommodation.’ For, although in certain experiments to, be 
described subsequently, the color of the background does frequently seem 
to throw a film of its own color over the letter, scpiare or strip, which . 
it surrounds, in the original figure as taken from Fick there is no 
blurring of the red s(iuares, and in all the other experiments the white 

I I 
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lines and outlines of the scjuares and the color of the background remain 
quite distinct and sharp. 

Further experiments have been devised to investigate this illusion. 
Althoggh no final conclusion has been as yet established, enough has been 
done to show that the phenomenon is more complicated than was at fwst 
supposed. A brief descrijjtion of these experiments will now follow. 

In the first place, within certain limits, not as yet fixed, changes in the 
size of the usual objects with which the experiment is conducted do 
not essentially alter the result. For example, if tjie dj^gram in Fick. 
be looked at through a concave lens the diminished letter E will behave 
in the same way ; although with me it is more difficult to get the illusion, 
because, as 1 think, both of the increased dearness of the images and also of 
the increased tension of the attention and the eyes’ adjustment. On the 
other hand, as all our experiments show, much larger objects, when 
viewed from a sufficient distance behave in the same way. 'J'he exact 
limits of size of the retinal images within which this phenomenon is pos- 
sible have not been calculated, but considerable variation in size is 
known not to be incompatible with its occurrence. 

If, now, in order to lest the importance of the white lines which divide, 
in the Fick diagram, both background (or “ sul stituting ” color) and 
letter (or ‘‘disappearing” color) into squares, we have a strip composed 
of red squares divided by white lines against an undivided background of 
lighter or darker green, we get the following result : the red turns dark 
green or black ; the white lines remain ; and the scpiares of red be- 
come patches of blackish color separated by white outlines on an un- 
changed color-background. If the background be changed from green 
to violet or blue the results are substantially the same. But the same 
change in color takes place with a solid red letter on a background of 
various colors ; and with a strip of red or orange, not limited in any way 
by white outlines, on variously colored backgrounds. Indeed, in a num- 
ber of instances, as 1 shall soon say, the background substitutes itfe color 
and the illusion takes place almost or quite equally well without either 
being itself divided or having the disappearing color divided into squares. 
The illusion, then, is not dependent upon the lines that divide the dia- 
gram into sejuares, although such a division seems to have some influence 
on the speed and completeness of the result. 

A series of experiments was then devised by Dr. Scripture to test the 
effects of varying the color of the background, or substituting color, 

^ while retaining the same red as the disappearing color, without, how- 
ever, dividing either background or strip into squares. 

A complete set of the Milton Bradley colored papers was obtained ; 
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in the* following experiments the colors will be designated according to 
the system adopted by the manufacturers. Sheets 2 o'”" by 30"'“ were cut 
out for backgrounds ; small strips i*"" by 20'“'" were cut ready to Ijiy on 
the^backgrounds. In making the experiment a background of a desired 
color was fastened to a board by tacks and a strip was fixed on it bj a 
pin ; the whole was then observed at a distance of about 3"'. It after- 
wards appeared that the most convenient method of preparing these 
figures was to place several strips of different colors on a given back- 
ground ; such aligurc with two strips and a white fixation point is shown 
in the colored plate. 

The results with Dr. Scripture and myself differed somewhat ; but the 
interesting thing about these differences seems to be that they remained 
fairly constant of the same order. That is to say, where I got the illu- 
sion of substitution without great difficulty, my colleague got it more 
readily ; and when I got it not at all, he could obtain it only with increased 
difficulty, or in certain cases (at least on the earlier trials) not at all. 
This suggests that the detailed differences were due to a constant factor 
of difference in the two observers. 

The results obtained by viewing a standard red strip at a convenient 
distance, and with the proper fixation of the eye, while the color of the 
background is changed, may be divided into two general classes. With 
certain backgrounds the illusion of disappearance and substitution takes 
place with no great difficulty but with surprising ease and suddenness, 
after a little practice has given the requisite knowledge of how to experi- 
ment. With certain other backgrounds the substitution takes place only 
with increased difficulty or not at all, with me as a rule not at all. To 
the first class of backgrounds belong the two greens used, namely, stan- 
dard green and bluish-green, violet, blue and black. To the second class 
belong the backgrounds, yellow, orange, light gray, white, light blue, 
light green and alight reddish violet. That is to say, this standard red 
strip, if viewed with a proper amount and kind of fixation on a back- 
ground of two kinds of green, or of dark violet, dark blue, or black, will 
itself darken, disappear, and be placed for a longer or shorter interval 
by the color of the background. But the same strip, if placed upon a 
background of yellow, orange, gray, white, or light blue, light green, 
light violet, will maintain its place, although growing darker; or if it 
disappears at all, does so with great difficulty and only for^ an instant. 
As I have already said, I could not myself get the illusion in these cases 
at all. 

Suppose now that a strip of orange be viewed upon the same back- 
grounds as in the foregoing experiments, then somewhat shnilar phenom- 
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ena result, but with interesting differences. With the backgrounds of 
green, dark violet, dark blue or black I get the illusion ; but only by 
persi^ent trying, and for a briefest instant of time. On the backgrounds 
of yellow, gray, white, light blue, light green, violet of tint No. i I3r. 
Scripture obtains the illusion only with great difficulty, if at all, and then 
for a brief instant of time. But on the other class of backgrounds the 
illusion is rather more easily obtained by him with the orange than with 
the red strip. With me, however, on both classes of backgrounds, the 
red strip and the orange strip behave in markedly different ways. 
Whereas, in the case of the red strip the color darkens — and this whether 
substitution ultimately takes place or not, and whatever the color of the 
background — in the case of the orange strip, the color grows lighter, the 
color of the background seems to encroach from both sides on the color 
of the strip, until (where — as in all cases of the second class of back- 
grounds — the illusion does not become perfect) the orange strip becomes 
a narrow line of sunlight on a unicolored background. 

If now the orange and the red strips be hung not far apart on the same 
background of color, each of them behaves, for both observers, in the 
same way as when viewed apart on a similarly colored background. And 
if orange and red strips be placed side by side, with one half over a back- 
ground of the first class (see the colored plate) and the other half over a 
background of the second class, each half of each strip will seem to follow, 
for each observer, the course similar to that already described in the 
separate experiments. 

This color phenomenon is ])robably a general one. It was observed by 
most persons at a meeting of the American Psychological Association at 
which these figures were exhibited. It was quite evident at the first trial to 
a girl fourteen years of age who was asked to observe the strips. I am not 
yet able to satisfy myself as to the most probable explanation of this some- 
what startling color illusion. In the well-known Ccise of a dark spot on a 
colored background Blix ‘ has suggested that with long fixation the retina 
becomes less sensitive on the parts on which the colored rays fall, and 
more sensitive on the part corresponding to the dark spot, and that this 
latter portion, being sensitive to the colored light arriving after general 
dispersion in the eye, finally gives as intense a color sensation the other 
portion. Any one, however, who has seen the red stripe suddenly turn 
to a bright green knows that the intensity of the green is far beyond any 
light that might arrive through dispersion. 

Dr. Scripture has suggested that the fatigue of the eye for the color of 

' Bmx, Ueber gleichfarbige InduktioHy Skand. Arch. f. Physiol., 1893 V 13 (reviewed 
in Zt. Psyth. Phys. Sinn., 1894 VII 411). 
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the disappearing strip or letter creates a temporary blind-spot or succession 
of’ blind-spots, which is then filled in by the color of the background 
as the permanent blind -spot of the eye is constantly filled in by the sur- 
rounding colors in all our normal vision. This suggestion explains some of 
the phenomena which I have been describing. It explains the Sepen- 
dence of the result on the character of the fixation, the customary pre- 
lipiinary darkening of the disappearing color, and the character of *the 
substitute color, when substitution takes place. But I am not able 
to reconcile this siiggestion with the fact that the illusion takes place 
only with such great difficulty, or not at all, when the disappearing 
color is dark and the background is light. Would not one expect rather 
the opposite result, namely, that the darker background would more 
speedily and completely fill in the eye fatigued by the lighter color. 
Moreover, I cannot see why the orange strip under the principle of 
fatigue, should grow brighter and of a lighter shade, as it certainly 
does for my eye ; and, in fine, why in the case of the second class of back- 
grounds, I am quite unable to fatigue my eye for either orange or red so 
as to obtain the illusion by substitution of the color of these backgrounds. 

Finally, as far as I can determine in my own case, and by questioning 
several others with whom the.experiment has been tried, the illusion is 
somehow dependent upon the rhythm of attention, and, in a limited way, 
it is under the control of will exerted through some obscure modification 
of the point and manner of regard. But whatever the pt^ima facie ex- 
planations may be, the illusion seems to me unusually interesting and 
complicated, and in its suggestiveness (piite worthy of further investi- 
gation. 
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Walter W. Davis. 


I. Historical. 

The term ‘‘cross-education*' has been used' to express the fact that 
the effects of practice on one side of the body arc transferred to the un- 
practiced side. The fact seems to have been first recorded by H. F. 
Weher. In a communication to Fechner,** he reports an observation 
made on his son. The boy had been taught to write entirely in one sys- 
tem of penmanship, a system that employs a free-arm muscular movement. 
At the age of thirteen he was able to write reversely with the left hand 
— in so-called mirror-writing — without having practiced such writing in 
the least, although the letters were not so regularly made as those made 
with the right hand. The reverse writing, when viewed in a mirror, or 
when looked at through the pajier as it was held to the light, appeared 
very similar to the boy’s ordinary hand-writing. Hence Weuer con- 
cluded that by the training of the right hand in certain methods of pen- 
manship the left hand is also trained, unconsciously, to perform sym- 
metrical movements. He noticed also that others trained by different 
methods, or by several methods, failed in the test. 

Fechner reached a similar conclusion from an experience of his own. 
In the course of a series of observations in which he wrote the figure p 
many times, left-handed, he noticed that when he took the pen in his 
right hand, he would unconsciously write the figure reversed with a move- 
ment that was symmetrical to that made with the left hand. A certain 
method of writing had become so “ impressed upon his mind” that it 
became natural to write reversely with the hand not used. 

*ScRirTiJRE, Smith and Brown, On the education of muscular control and power^ 
Stud. Vale Psycli*. Lab., 1894 II II5. 

* Fechner, Beobachtnngen^ ivelche %u bnveisen scheinen^ dass durch die Uebung der 
Glieder der einen Seite die der andern zugleich mitgeiibt werden^ Ber. d. kgl.-sach. Ges. 
d. Wiss., math.-phys. Cl., 1758 X 70. 
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•The experiments of Volkmann,* on the influence of practice upon the 
power for perceiving small distances, have a bearing on cross-education » 
By touching a Weuer’s compass to the skin on various parts of the body, 
he obtained records of the ability of ‘the several members to distihguish 
the two points of the compass at the smallest perceptible spread. For 
example, the left arm on the dorsal side could distinguish the two points 
at*io.5 Parisian lines (23.6'"'"); the right arm at 11.5 lines (26.4""“). 
At the; end of the practice which was continued for several weeks with 
the left arm alcme, tile records were : left, 5 lines (i 1.2"*'"), right, 7 lines 
(15* 7 """)* While the acuteness of sense on the left side was increased 
through local practice, it was also increased on the right side in portions 
symmetrical with the parts practiced. 

To determine whether other than symmetrical parts arc thus trained, 
VoLKMANN tested the points of the fingers of both hands and also the 
left arm. By practice of one of the fingers of the left hand, he found 
an increase in ability in all the fingers, but none in the arm. 'Fhat is, in 
the education of certain parts, those parts symmetrical and closely re- 
lated arc educated also. 

More recently ScKipruRr.Mias made some experiments in muscular 
control and muscular power which prove quite definitely that practice of 
one arm in steadiness and strength reacts on the other arm as well. Dr. 
W. G. Anderson, Associate Director of the Yale (gymnasium, experi- 
menting with the spring dynamometer, has reached practically the same 
conclusion. Bryan,’ in testing the tapping ability of children of dif- 
ferent ages, concludes that the right hand does not outgrow the left, but 
that, at certain ages, the left even gains on the right. 

The following experiments were carried on, during the academical 
year of 1898-99, for the purpose of establishing more definitely the fact 
of cross- education or transference of practice and, if possible, of finding 
the causes of such transference. 

II. Rapij)ITY of voluntary effort. 

The present investigation was begun by experiments in the rajiidity of 
tapping on a telegraph key. The movement in tapping involved only a 
small amount of muscular strength. The weight of the finger was sufficient 

* Volk MANN, Ueber den Einfluss der Uebtuv^auf das Erkenricn nxumVuher Distan%en^ 
Bcr. d. kgl.-sjichs. (ies. d. Wiss., math.-phys. Cl., 1858 X 38. 

*ScRirTiTRE, Smith and Brown, On the educat ion of muscular eontrol and powers 
Stud. Yale Psych. Lab., 1884 II 114. 

® Bryan, On the development of voluntary motor ability y Amer. Jour. Psych., 1892-93 
V 201.' 
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to press down the button of the telegraph key, so that the test was one of 
motor ability with the factor of muscular power seemingly almost elim- 
inated. 

Apparatus, 

The tapping was done by the subject in a quiet room, while the results 
were recorded in an adjoining room. The number of taps in a given 



Fic. I. 


time was recorded on a tap counter which was connected by electric 
wires with the key. It consisted of clock-work with hour and minute 
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hanjis. At the back (Fig. i) there is a toothed wheel worked by an elec- 
tro-magnet (6^) and an armature (/^). When a current passes through** 
the magnet, the armature is attracted \ when it ceases, the armature is 
drawn back again by a wire spring. The upper end of the lever (^), of 
whith the armature is a part, divides into two arms (79), each of which, 
one on each side, may press successively into a toothed wheel (^) in 
-such a way that at each make and break of the electric current the wheel 
is driven forward one cog. 'I'his movement arises from the shape of 
the ends of the amis and of the teeth of the escapement wheel. A friction 
spring (C) hinders any backward movement. 'I'his counter has been in 
use in the laboratory for several years. Its special merit lies in the fact 
that it will count the most rapid taps that a person can possibly make. I'lie 
number of taps is recorded on the face of the counter. A key within 
easy reach makes it possible, while the subject is tapping in the quiet 
room, for the observer to let the current [)ass or not, as he chooses. 

In the quiet room, three keys were so arranged that the subject could, 
without changing his general position, tap with either hand or either foot. 
One key served for the hands and was clamped to a board which was held 
in the lap. ^^^ith the subject seated in readiness for tapping, the board 
was sui)ported by the arms of tlie chair and the elbows rested easily on 
the board, the hand just reaching the key. 'Fhe tapping was done with 
the index finger, the subject being instructed to keep the other fingers, the 
wrist and the forearm on the board. This position allowed a rapid, 
easy, isolated movement without the use of clamjis or weights that might 
distract the attention. 

For the feet a board was so constructed that two keys, four im:hcs 
apart, could be set into the top, their cnd» touching at one edge and 
leaving the buttons only a little more than flush with the surface of the 
board. The tapping was restricted to the great toe, all movement being 
confined as much as possible to this member. The chair remained always 
in the same position and the board could be moved on the floor, forward 
or backward, to .suit the convenience of each subject. When a certain 
position was adopted for any subject, the conditions remained constant 
for him through the entire series of experiments. 

For the purpose of communication the two rooms were connected by 
a system of signals, by which the observer could direct the sulijcct to.» 
start or stop. In all cases the number of taps in five .seconds was rc'- 
corded. With all in readiness, the observer, with watch at hand, sig- 
naled the subject to start. At three .seconds after the start the switch 
was closed and the counter began to record. After five seconds the switch 
key was* opened and the subject .signaled to stop. 
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Afethod of experiment. 

In this series of experiments, the results of which are shown in Table 
I., tests of tapping-ability were made on six subjects. Of these, A. is. 
an instructor, and B., C., D. and F. are students in Yale University. E. 
is the steward of the Psychological Laboratory. Initial tests w^ere 
taken of the right and left index fingers, and of the right and left great 
toes. Then for periods varying from ten to twenty days the right great 
toe was practiced daily, or nearly so. At the end of the practice period 
final records were taken of each member. 'I'he 'initiifi and final tests 
were taken in the following order: for subject A. LF RF LTI RTI 
RH LH RF LF ; for B. LF RF LH RH LF RF LH RH; forC., D., 
E. and F., LF RF RH LH LLL RB RF LF {RH— right hand, LH— 
left hand, RF — right foot, LF — left foot). In this way the liability to 
differences due to fatigue was guarded against. In each initial and 
each final test, averages were taken of the two records made by each 
member. A specimen record is inserted, the first one taken. 

Sl HJECT A. — INITIAI, TEST. 

LF RF IJf Rif Rll L/I RF LF. 

13 17 24 26 28 24 19 II 

Average. 12 18 24 27 

'rhe initial and final tests were taken at the same time of the day, and,, 
as nearly as jiossible, under similar conditions. Lombard’ and Dre.sslar‘‘*' 
have pointed out the differences in voluntary strength and rapidity due 
to varying conditions. An effort was made to ecpialize them for all 
records. 

Results. 

The results obtained are shown in Table I., which gives the numbers of 
taps in five seconds for each member at both initial and final te.sts, also 
the gain in the number of taps, and the gain as a percentage of the in- 
itial number. 

'Fhe effects of practice are not uniform. Not only is there a great dif- 
ference between the gains made by different individuals, but also between 
the gains of different members of the same individual. Still, certain 
fundamental results are clearly shown. In the first four subjects, whose 
•initial and final records are given in Table L, a marked inctease in the 
rapidity of tapping ability has been developed ; and this increase mani- 

* Lomdaki), Sotfie of the influences which affect the power of voluntary muscular con- 
traction^ J«ur. Physiol., 1892 XI II 2. 

^Dresslar, Influences affecting the rate of voluntary movement, Amer. Jour. Psych., 
1892 IV 514. 
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fests itself not only in the right foot, which alone was practiced, but ia 
all the other members as well. However, the greatest average gain is- 

Table I. 


Number of taps in j seconds . 


Subject. 


Initial test. 

Final test. 

Gain. 

Relative g 

i 

^ LF 

12 

17 

5 

0 41 

A. 

RF 

IS 

20 

2 

O.II 


Lll 

24 

2S 

4 

0.17 



• 27 

32 

5 

0. iS 

1 

r r.F 

15 

17 

2 

013 

15 . 

RF 

14 

21 

7 

0.50 

i 

LFI 

22 

36 

14 

0.64 


[ RII 

22 

34 

12 

0-54 

1 

^ LF 

20 

26 

6 

0.30 

c. 1 

RF 

21 

28 

7 

0-33 

1 

1 Lir 

32 

36 

4 

013 

1 

[ RII 

37 

42 

5 

0.14 

1 

r LF 

17 

25 

8 

0.47 

I). J 

RF 

20 

28 

8 

0.40 

i 

1 LII 

26 

34 

8 

0-31 

1 

[ RH 

27 

29 

2 

0.07 


r LF 

16 

22 

6 

0.38 

E. 

1 RF 

21 

20 

— I 

— 0.04 


Lit 

22 

24 

2 

0.0(> 


1 RH 

24 

22 

__2 

— 0.08 


r LF 

16 

17 

I 

o.of) 

F. ^ 

! RF 

21 

19 

— 2 

— 0.09 


1 LH 

30 

24 

—6 

— 0.20 


1 RH 

33 

28 

—5 

—0.15 


LF 

16 

21 

5 

0.31 

Average. 

RF 

19 

23 

4 

0.21 


LII 

26 

30 

4 

0.15 


. AV/ 

28 

31 

3 

o.oS 

Average: 


16 

21 

5 

0.31 

A, B, 

1 RF 

18 

24 

6 

0.33 

C. D. 

1 LH 

26 

34 

8 

0 31 


[ RU 

28 

34 

6 

0.21 


made by the member practiced. The gain by RF is slightly greater than 
that of ZT^and LH, and considerably greater than that of Rli. 

In neither E. nor F. is there a gain in the member practiced, but rather 
a slight loss. In only one member not practiced, LF of subject Iv , is 
there a marked gain, while in RF^ LH, and RH of subject F., are there 
marked losses. 

In the second average the records of subjects R. and F. were not used, 
the object being to give the comparative average results of practiced and 
unpracticed members in subjects who made a gain in the member prac- 
ticed. 



12 


Walter W, Davis, 


From certain observations taken during experimentation, as well as 
from remarks and suggestions made by the subjects themselves, these 
facts appear to be satisfactorily explained. Subject E. is a colored man, 
the Steward of the laboratory, thirty-four years of age, of a phlegmatic 
temperament, steady-going rather than (piick and active. The two Tacts 
of age and temperament are suggested as the reason for his not respond- 
ing more quickly to practice. In the gymnasium it is illustrated every 
■day that after a certain age the boy loses in a great degree the ability to 
learn new tricks. Moreover boys differ individually^in the ability to 
learn. This difference is not due wholly to lack of strength but to tem- 
perament, will-power and previous training as well. Possibly, with 
longer practice, good results might have been secured from E. Subject 
A. w'as of the same age as E., but the i)ractice in his case was continued 
twenty days and in the case of E. only ten days ; the two subjects differ 
much in temperament, A. being nervous rather than sluggish. 


Table IT. 

Itt/Iumce of ai^e ; number of taps in j stronf/s. 


Subjects. 

Age. 

Average gain 
of the four 
nieinbcrs. 

Relative 

'gain. 

T^ays of 
practice. 

Relative 
gain ])er day. 

A. 

34 

4 

0. 20 

20 

O.OI 

b. 

29 

9 

0.44 

14 

0.031 

c. 

25 

6 

0.22 

10 

0.022 

D. 

27 

6 

0.27 

10 

0.027 


Age seems to play an important part in the results obtained from prac- 
tice. 'J able II. gives the ages of the subjects in connection with the 
average gain they make for both hands and both feet, the length of prac- 
tice, and the gain per cent, for each day of practice. To obtain a fair 
increase in the rapidity of tapping, the practice of A., who is 34 years 
old, had to be continued for 20 days, and then the gain is less than 
that of II. , C. and I)., where the practice was continued for 14, 10 and 10 
days respectively, and the ages w^erc 29, 25 and 27 years. 

An int^esting principle was exemplified in the failure of F. to make a 
gain in rapidity by practice. F. is an academical senior, aged 23, the 
youngest of the six subjects, and of a nervous motor temperament. He is 
a trained gymnast of more than moderate skill. One would judge that 
conditions here were favorable for a rapid gain in tapping ability. Some 
of his remarks, however, after the daily practice, throw light on the diffi- 
culty. “ If I try to hurry too much my foot stops almost altogether. ’ * ‘‘At 
times I am obliged to put forth my entire will power in order to tap at 
all.** “I feel fatigued all over *’ ; that is, fatigue did not confine itself 
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to the ‘muscles involved but was general. It would seem that, in this 
subject, temperament and training had combined to form conditions 
unfavorable to rapidity of tapping. Naturally of a quick, nervous, active 
disppsition, his training as a gymnast had emphasized these qualities. 
The proper execution of difficult gymnastic tricks recpiires a great 
exeftion of strength and also its (juick concentration at a particular 
moment in time. The subject had become so accustomed to send- 
ing dow^ strong impulses to action to large muscles, that it was difficult 
for him to send proper impulses for the action of small muscles like those 
of the fingers and toes. Subject F.*s great store of energy is illustrated 
in his long practice records. It seemed impossible to tire him out. In 
one experiment he made 900 taps without a slowing in rapidity of tap- 
time. He concentrated more attention at one point than was favor- 
able for rapidity of n»ovement. So great an amount of nervous energy 
was sent to this point that the delicate muscles could not properly dis- 
pose of it for action, and the result was a slowing of movement. 

On the whole, the subjects were a group not favorable for rapid im- 
provement from practice. Of an average age of 28 years, they had got- 
ten beyond the point in physic.al development where either muscular or 
nervous changes would take place rapidly. With younger subjects larger 
and more rapid gains might reasonably be expected. Nevertheless, the 
principle of cross-education appears most plainly and decisively. 

Since obtaining the above results, I have received a letter from Herr 
Oscar Raif, Professor of Music in the Berlin Hochschiile, who has done 
some experimenting similar to mine. I (|UOte a portion of his letter, 
in-serting the number of beats per minute in [ ]. 

“In the spring of ’98, I made an experiment Avith twenty of my 
pupils. I began by taking the average speed of each hand with the 
metronome. The average of the right hand was J = i r6 (= four times 
1 16 in the minute) [464 beats] and for the left hand, 112 [448 beats]. 
I gave them exerci.ses for the right hand only (finger exercises, scales and 
broken accords) to develop rapidity. After one week the average of the 
right hand was 120 [480], after two weeks, 126 [504], three weeks, 132 
[528], etc. After two months the right hand yielded 176 [704]. Then 
I had them try the left hand which averaged 152 [608], whereas in No- 
vember the average was only 112 [448]. In two months’ time, abso- 
lutely without practice, the left hand had risen from 112 [448] to 152 
[608]. A few of my pupils had some difficulty in playing the scales in 
parallel motion, but were able to play them in contrary motion. 

“ The tenor of my work is that in piano playing the chief requirement 
is not that each single finger should move rapidly but that ^ach movement 
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should come at exactly the right time, and we do not work only to' get 
limber fingers but more than that to get perfect control over each finger. 
The source of what in German is called ‘ Fingerfertigkeit * is the center 
of our nervous system, the brain.'* 

Further explanation of the application of these principles in musical 
training is promised in a work on Fingerfertigkeit * ’ by Professor Raif. 
The fact that Herr Raif’s pupils could play the scales in contrary more 
easily than in parallel motion, deserves notice as coinciding with- the ob- 
servations made by Weiier and Fechner in regard to niirror- writing. 

Table III. gives the relative rapidities of hands and feet, both before 
and after practice, and their average percentage of gain. The ratio of 
tapping ability is smaller at the end of the practice than at the beginning ; 
the relative gain of the feet being 5.5% greater than that of the hands. 


Tahle hi. 


Comparative rapidity of hands and feet. 




Initial. 

Final. 

Relative gain. 


' ( Feet. 

15 

ig 

0.24 

A. 

■j Hands. 

25. 

30 

0.16 


( Ratio. 

1:1.7 

l:i.6 



r Feet. 

14 

18 

0.31 

K 

< Hands. 

22 

35 

0.58 


( Ratio. 

1:1.5 

l:1.8 



f Feet. 

20 

27 

0.32 

C. 

-I Hands, 

34 

38 

0.12 


( Ratio. 

1:1.6 

1:1.4 



r Feet. 

19 

26 

0-39 

D. 

-j Hands. 

27 

31 

0.17 


( Ratio. 

1:1.4 

l:1.2 



f Feet. 


22/2 

0.31 

Total Average 

-j Hands. 

27 A 

23/2 

0. 26 


1 Ratio. 

1 : 1.6 

1:1.5 



In the case of D. two facts are noticeable from an examination of the 
table: (i) lower ratios between feet and hands both before and after 
practice; and (2) a greater percentage of gain in the tapping ability of 
the feet in comparison with the other subjects. During 1 ). ’s practice it was 
observed that he had an almost independent use of his great toe. He 
'^ould flex or extend it, with very little accompanying movement of the 
remaining toes. D. is a Japane.se student and while in Japan wears the 
ordinary clog shoe which allows free movement of the great toe. A 
heavy string extending up for an inch from the middle forward part of 
the sole divides into two parts which pass back, one on either side of the 
foot. When the shoe is adjusted to the foot, the string before its division 
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is grasped between the first and second toes, and the shoe is held in place 
by this'means. The sock also is made in the form of a mitten, the great 
toe being in a separate compartment from the others. The sock is the 
only covering of the foot above and to the sides. Hence two prime con- 
ditions for development are here present, exercise and room for growth. 
These facts probably account for the smaller ratio between the rapidity of 
toes. and fingers in the case of D. They also emphasize the fact already 
pointed out ^ that the feet of Americans are losing, as a result of tight, 
ill-formed shoes, ^^thosc. powers natural to them. 'The reason why the 
feet in the case of D. .should make a greater j)erccntage of gain than in 
the other subjects, although not so clear, is probably due to the same cause. 

Influences affecting the rapidity of tapping. 

In the daily practice the right great toe tapped until fatigued. 'Fhere 
was, however, no attem])t to reduce the muscles to a state of extreme 
fatigue, since the increase in tapping ability at the final test was the 
prime object. The records were made in a manner similar to those at 
the initial and final tests. The signal to start was given ; after three 
seconds the switch was closed anc} a record was obtained for five seconds. 
The result was noted while the subject continued to tap without stop- 
ping, and after ten seconds another record was taken. The subject and 
the observer continued in this manner, the record being taken at every 
third period of five seconds, until the subject stopped tapping. 

A study of these records and of the remarks dropped by the subjects 
led to several important observations. 

(^a) There are perceptible variations in the rapidity of the tap-time on 
any given occasion of practice. One subject .says : “At times it is very 
easy to tap rapidly ; then it becomes difficult ; then easy again.” An- 
other subject noticed what he termed “waves,” that is, short periods of 
rapidity followed by a slowing of the tap-time. These waves of rhythm 
have been noticed by Noyes ^ in the knee-jerk; and also by Lombard’’ 
in his work with the ergograph. They seem to be wholly beyond the 
control of the will. 

This phenomenon is shown in Fig. 2 which gives the curve for a 
record by A., the twelfth in his series of practice records. X indicates 
the serial niimber of the record, and V the number of taps in five sec- 

> Ellis, 7 Vie human foot, Wood’s Medical and Surgical Monographs, April 1890. 

*Noyks, On certain peculiarities of the knee-jerk in sleepy Amer. Jour. Psych., 1892 

IV 343. 

® Lombako, Alterations in the strength which occur during fatiguing voluntary mus- 
cular work, Jour. Physiol., 1893 XIV 98. 
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ends. The continual fluctuation between gain and loss in energy is 
quite striking. 



A', upper line, serial number of record. 

A’, lower line, successive steps in the subject’s practice. 
) number of taps in 5 seconds. 


{b) States of feeling do not appear to have much effect on the rapid- 
ity of tapping. Often the subject would remark that he did not feel 
like making a good record and when the record was taken it would prove 
excellent. The reverse is true also. One of the subjects remarked be- 
fore a certain practice that he had partaken of a fine punch the night 
before, had had a good night’s rest, felt in excellent spirits and expected 
to make an unusual record. After the experiment the result was com- 
pared with the [irevious ones and the taps were found to be slower than 
any in the jireceding three days. There were many other similar, though 
less notable, instances of the deceptiveness of the subject’s judgment of 
his own condition. 

(e) On the other hand, the physical condition of the hand or foot as 
judged by sensations had a noticeable effect on the tipping ability. On 
one very cold morning the subjects, without exception, made poor 
records ; most of them had complained of cold feet, due to the exposure 
of the bare foot in the cool air. 


Taiii.e IV. 

Effect of exercise. 

Day, * 2345^7^9 

Record duriug Imst 5 seconds, 16 15 14 19 17 20 23 17 23 

Record during second 5 seconds, ......... 24 20 18 24 24 28 28 22 22 

((/) Tapping could be done faster and more easily after a few taps had 
been made, 'or as C. expressed it, after the muscles had been '“warmed 
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up/* Table IV. gives the first two records of each of the practice ex- 
periments for D. 

The results show that either the muscular or the nervous system or 
both do not do their best work at the start. 

(e) Pain and fatigue, when they were noticed at all as the result of 
continued tapping, were generally located in or near the muscles em- 
ployed in the movement. Rarely indeed was fatigue spoken of as being 
general^ 

(/) The length of time during which the subject kept up his practice 
was a good indication of his store of energy. There was a tendency to 
longer practice-records on Mondays and on any day preceded by a day 
of rest from tapping. Apparently the muscular or nervous energy ex- 
pended in the performance of one day’s task was not fully restored in one 
day, the tissues requiring a day’s rest to regain their normal capacity for 
work. 

Tapping became much easier after a few days of practice ; the ap- 
parent reason was that it did not recjuire so much attention. This points 
to the probability that lower, automatic centers were being developed 
for the foot in the specific movement of tapping, leaving less responsi- 
bility for the act upon the higher centers of consciousness and attention. 

(//) Subject A. experienced sensations of pain in his unused left great 
toe similar to those in the right which was being fatigued by the tapping. 
He has noticed the same fact in connection with ‘‘writer’s cramp” 
which has troubled him at various times ; the numb sensation of the 
right middle finger is sometimes transferred to the left middle finger for 
periods varying from a few minutes to hours. He does not use the left 
hand for writing. 

77ic toss of the effects of practice. 

To determine jf the effects of practice arc retained for a long period 
of time, A.’s record was obtained six weeks after his final test. Table V. 
shows the results compared with his initial and final tests. 


Tahlk V. 

Effect of a long interval. 


Subject. 


Initial. 

Final. 

After six weeks. 

[ 

LF 

12 

17 

18 

A J 

EE 

18 

19 

16 

A •< 

( Llf 

24 

2S 

24 

1 

L Ell 

27 

32 

30 

Average 


20 

24 

22 


2 
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'Fhere was a general loss after the interval. This loss was more niarked 
in the hands than in the feet ; the average loss for the hands was 3 ; for 
the feet, i. 

III. Strength of voluntary eff^^^rt. 

It has already been proved that the development in the strength of one 
arm is accompanied by an increase in the exertion that can be put fqrth 
by the other. ^ Is this increased power due to increased nervous activity 
or to increased muscular tissue ? 

The following experiments were undertaken primarily to determine if 
an increase in the size of one arm would result from the exercise of the 
other in muscular strength and endurance. From j^revious experiments, 
referred to in Sec. I., an increase of strength was looked for in both arms. 
It was not believed that a perceptible increase in the girth of the left arm 
would result after so short a period of training. 

Afethod of expert moitinj^. 

The experiments were made in the following way : six subjects were 
chosen, definite girth measurements of both arms were taken, and the 
number of times ascertained that each arm could raise a weight of 2^ 
kilos. (5 pounds). 

At the initial test the subject’s clothing was removed from the upper 
part of his body. His weight was then taken and his strength of forearm, 
or grip, measured by the usual oval spring dynamometer. I'he following 
measurements were then made by Dr. J. W. Seavek, Associate Director 
of the Yale Gymnasium : right and left upper arm both flexed and ex- 
tended ; right and left forearm with and without the hand clenched. 
These measurements were taken at the largest circumferences of the arm 
above and below the elbow. The weight (a 2*,^ kilo, dumbbell) was 
then given to the subject, who was instructed to lift ^it from a position 
where the arm hangs extended downward and the weight is supported 
from the shoulder, to one where the arm is flexed and the weight close to 
the shoulder. In this movement the elbow remains stationary. Hence, 
to accomplish this act, the bic eps is employed almost wholly, though the 
muscles of the forearm are also used to a lesser extent in gripping the 
dumbbell. 'Fhis gripping was intensified toward the end (jf the test, 
\yhen the subject became fatigued. 

A metronpme was not used, but each subject was allowed to fall into his 
own rhythm of movement, which varied according to the length of the arm 

* Scripture, Smith and Brown, On the education of muscular control and power y 
Stud. Yale Psych* Lab., 1894 H 114. 
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and thQ man’s temperament. The only instruction he received was not to 
allow the weight to stop at its highest and lowest points. At the final 
test it was observed that the rate of motion was unconsciously faster than 
at the initial test. This was probably due to an increase of energy stored 
up during the practice. 

Fatigue was not carried to an extreme, because such a test would put 
the’ arm and the physical system in general into such a condition that 
good re^ilts could not be expected from the succeeding short practice. 
When the right Arm was fatigued, a rest of five minutes was given, after 
which the left arm went through the same exercise. 

The subject then entered upon a practice extending from two to four 
weeks ; this consisted in simple flexions of the right arm with the weight. 
The subjects were instructed not to tire the arm but to exercise it fre 
quently and lightly, rather than heavily and at long intervals. 

At the final test . the same data were obtained in the same way and 
under the same conditions as at the initial test. Additional data were 
also obtained, to be spoken of later. The arms were examined by pres- 
sure to detect any changes in condition that might haye been occasioned 
by practice. 


Characteristics of the subjects. 

As the results indicated that the age, physical condition and mode of 
life of each subject should be taken into consideration, the following 
data were collected : 

G. Age, 28. Health, fair. Temperament, nervous. Muscles, soft, 
undeveloped. Exercise, light gymnasium. 

H. Age, 26. Health, good. Temperament, phlegmatic. Muscles, 
soft. Exercise, light. 

B. Age, 29. Health, good. Temperament, nervous. Muscles, 

soft. Exercise, none. I.eft-handed in most actions. 

I. Age 26. Health, good. Temperament, nervous. Muscles, 
firm, well developed Exercise, regular, in gymnasium. 

J. Age, 26. Health, excellent. Temperament, motor. Mus- 
cles, well developed, but soft. Exercise, none. 

K. Age, 24. Health, not good, over-worked. Temperament, 
nervous. Muscles, soft and very poorly developed. 

The subjects were all in a muscular condition favorable to increase in 
girth measurements, but their average age of 26 years was probably un- 
favorable for such an increase. They were all members of the Graduate 
School of Yale University. Those who were taking any physical exercise, 
were instructed to continue it throughout the practice. 
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Increase in the dimemions of the arms. 

Table VI. shows the girth measurements taken at the initial and final 
tests and the increase due to the practice. The subject's age and weight 
are given as a means of control. The measurements are in millimeters. 

Taule VI. 

Increase in artn girths. 





Jiicep.s.' 



Forearm. 



Subject. 

Age. 


Right. 

Left. 

Right. 

Left. 

Wt. in 
kilos. 



C. 

R. 

C. 

R. 

C. 

R. 

C. 

R. 


G. 

( Initial. 

283 

228 

274 

226 

259 

255 

256 

246 

56.5 

28* 

i iMnal. 

288 

232 

269 

226 

260 

255 

254 

246 

S6.8: 

( Gain. 

5 

4 

—5 

0 

I 

0 

— 2 

0 

‘o -5 

H. 

( Initial. 

270 

23 ^« 

265 

237 

252 

247 

250 

248 

66.6 

26 

< Final. 

283 

246 

271 

241 

265 

257 

260 

252 

67.2 

( Ciain. 

13 

8 

6 

4 

13 

10 

10 

4 

0.6 

B. 

f Initial. 

287 

249 

285 

252 

246 

237 

260 

252 

75.7 

-j Final. 

393 

255 

296 

256 

■ 259 

249 

265 

257 

75 * r 

29 

1 Gain. 

6 

6 

11 

4 

13 

12 

5 

5 

— 0.6 

T 

f Tnitifil. 

230 


317 

275 

283 

275 

281 

272 

71.6 

26 

■j Final. 

238 

2S1 

320 

277 * 

283 

277 

277 

270 

71.6 

( Gain, 

8 

6 

3 

2 

0 

2 

—4 

— 2 

0 

J. 

26 

f Initial. 

310 

265 

302 

260 

270 

262 

265 

255 

<59-3 

] Final. 

312 

264 

302 

262 

273 

265 

266 

260 

69-3 

(Gain. 

2 

— I 

0 

2 

3 

3 

I 

5 

0 

K. 

( Initial. 

276 

235 

260 

220 

252 

240 

243 

232 

56.1 

-j Final. 

2S0 

239 

262 

230 

251 

240 

246 

235 

56.1 

24 

( Gain. 

4 

4 

2 

10 

— I 

0 

3 

3 

0 


Av. gain. 

6.3 

4-5 

2.8 

3-6 

4.8 

4.1 

2.1 

2.5 

0.1 


C — Contracted. R — Relaxed. 


The results showed that the practice had effected an increase in the 
girth measurements. For example, G.’s initial measurement for the right 
biceps contracted was 283, relaxed it was 228. His final measurements 
for the right biceps were, contracted 288, relaxed 232. The gain in the 
biceps contracted was 5'"'" and relaxed 4"*™, as the result of his two weeks' 
practice. 

There was no marked gain in the weight of any of the subjects that 
might account for the increase in girth. The average gain was o. i kilo, 
which is insignificant, while B., who lost weight, made as large gains in 
girth as any: 

The gains in girth measurements were greatest in this order; right 
biceps, right forearm, left biceps, left forearm. The right arm gained 
by direct practice but though the right increased twice as much as the 



Researches in cross-education. 


21 


left, stjll the left made marked gains, and there seems to be no doubt 
that there had been a transference of the effects of practice on the one 
side, to the unpracticed other side. Among the girths of right biceps 
there is only one loss recorded. This is for J., who made only small 
gains in all of his girths. For left biceps there is one loss recorded, that 
of G. This, as well as other irregularities in the case of G., to be men- 
tioned later, may be explained from the fact that he misunderstood the 
instructions given, and during his practice period, stopped his usual exer- 
cise. For the right fdrearm one small loss is recorded, and for left fore- 
arm three losses. 

The results, though exhibiting variations and exceptions, show very 
clearly that exercise producing a gain in girth of one arm causes a similar 
though smaller gain in the other. 

Symmetrical development. 

Here, it would seem, is a provision by nature to prevent a one-sided 
development. If the right side of the body received all the benefit of its 
excess of exercise over the left, it would tend to outgrow it in much 
greater proportion than is actually the case. 

There is really very little difference between the sizes of the right and 
left arms. This is especially true if the measurements are taken with the 
muscles relaxed. There is a greater difference when contracted, as if a 
stronger stimulus to action could be sent to the right than to the left. 
As a proof of this point the measurements of one hundred Yale Fresh- 
men were averaged, and the following results obtained. 


Right biceps, contracted, 296.04’"*“ 

Left “ 282.57 

Diftercnce, *:v47 

Right biceps, relaxed, 24S.95 

Left “ “ 242.41 

Difierence, 6.54 


The difierence in girth between the right and left biceps, contracted, 
is 13.47, but when relaxed, the difference is only 6.54. If we subtract 
the girths with muscles relaxed, from the girths with muscles contracted, 
we find a 'difference in the right arm of 47.09, in the left of 40.16. 
These last figures may represent the contracting power of the muscles, 
and if so, the ability of the left arm is about 85% that of the right. 

This difference in the extent to which the muscles are contracted is 
shown very clearly in my own case. This measurements are right biceps 
contracted 330""", relaxed 275““; left biceps contracted 317*""’, re- 
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laxed 275"**". The measurements are the same for the muscles in the re- 
laxed condition, but when contracted the difference is 13"'“, in favor 
of the right. There is a difference also, in the contours and in the 
lengths of the two biceps. The right is shorter and more clearly defined, 
an indication that it has greater j)ower of contraction. 

Increase in enlurance. 

In the initial test the subject raised the weight until forced to stop oxi 
account of fatigue or pain, though the test was not carried to the very ex- 
treme of endurance. The number of flexions made is given in Table VII. 

Tahi.k VII. 


Number of flections made. 




R 

Z 



R 

Z 


C Tnitinl. 

180 

lOO 


f Initial. 

250 

223 

G. - 

l-iiial. 

1000 

300 

I. - 

Final. 

1000 

250 


I Gain. 

820 

2 CO 


1 Gain. 

750 

27 

1 

r Initial. 

100 

80 


(' Initial. 

200 

75 

II. ^ 

Final. 

1050 

no 

J. ' 

j Final. 

600 

300 

1 

1 Gain. 

950 

30 


i Gain. 

400 

225 


( Initial. 

100 

125 


f Initial. 

136 

93 

B. - 

Final. 

1000 

200 

K. - 

j Final. 

860 

607 


1 Gain. 

900 

’ ' 75 


(iain. 

724 

514 


This table also gives the number of flexions made in the final test. 'Fhe 
weight which in the initial test was heavy enough to reduce either arm to 
a condition of fatigue after a few minutes* work, was not able to so effect 
the right in the final test, though soon fatiguing the left arm. The 
practice had so inured the right arm to fatigue that with the given weight 
and time of flexion the work could be kept up almost indefinitely. At 
one thousand flexions the fatigue was scarcely noticeable, hence the test 
was not continued. 

It is clear that the right arm had developed remarkably in endurance. 
K. who is slight and not of rugged health, at the end of the final test for 
right arm, said his arm was not tired in the slightest degree, although he 
was apparently almost overcome by the general effects of fatigue. 'Fhe 
left arm also had gained in endurance though not to so great an extent. 
The average number of flexions for the left arm at the initial test was 119, 
at the final test, 297, a gain of 178 or 1509^. We conclude that while 
the left had, gained very materially, both in size and endurance, from the 
practice of the right, there was still a lack of that fineness of condition 
which seems dependent upon actual exercise of the muscle itself. 

There is an entire lack of correspondence between the increases in 
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girth and in power of endurance. In fact the six subjects illustrate two 
types, differing widely in these respects. (I., J. and K. belong to a type 
showing very little gain in girth, but exhibiting a marked increase in en- 
durance of the left arm. H., B. and 1 . make large gains in girth fey both 
right and left arms, but little increase in the endurance of the left arm. 

Taiilk VII r. 

Conipiirison between e^irth measurements and power of endttranee. 



Ciirth gains. 

Llexion gains. 


Right biceps. 

Left biceps. 

Left arm. 

G. 

5 

—5 

200 

Type A. J. 

2 

0 

225 

K. 

4 

2 

514 

Averajje 


— I 

313 

11. 

13 

6 

30 

B. 

6 

’ II 

75 

Type B. I. 

S 

3 

27 

Average 

9 


44 

In Type A (Table VITI.) 

there is an 

average gain 

Qf 32^.1.111 

girth of the right arm and 

a loss of i'"'", in that of 

left ; while the 


flexions for left arm increase by 313. In 'fyp^ girth gains are large, 
but the gain in flexions is only 44. 'I'he two. types are, then, very clearly 
defined and separated from each other ; while the similarity of the indi- 
vidual results ill each type is quite close. For example, (J.’s gain in right 
biceps is less than any in Type B. The same com|)arison can be made 
successfully with any individual whatsoever in cither tyjie. The facts 
noted are therefore worthy of the highest consideration. 

Why such results are produced is not clear, 'riiough it has often been 
noticed that a larger muscle is not always capable of greater strength 
and effectiveness than a smaller one, still one would think that there 
ought to be a correspondence in the same individual at different times 
between the size of his muscles and their endurance, and that if a marked 
gain in size occurred for any reason there should be also a marked 
gain in endurance. In Type A the nutrition has effected such a change 
in the muscle cells that they have gained endurance. In Type B the 
tissue that has been added may be fat, or some other constituent that has 
not been*worked into the life of the muscle cell. 

Increase in strength. 

The strength of forearm was taken at both initial and final tests by 
means of an ordinary oval spring hand-dynamometer. The subject was 
given’ two trials with each hand and the highest mark made by each hand 



24 


Walter W. Davis, 


recorded. No practice was given the subject in gripping the dynamome- 
ter, the object being to determine if there was any increase in strength of 
the right forearm due to general improvement in the nutrition of the arm. 
This b^eing found, it remained to be determined whether there was a sim- 
ilar increase in the strength of the left. It has already been pointed 
out that as fatigue came on there was a certain amount of clenching of 
the hand in holding the dumbbell. One would reason that the muscl'es 
of the forearm would be developed and so an increase of strength would 
result. This is found to be true. Table IX. shows thatithis increase is 


Tahlk IX. 


Increase in Strength. 


ricssiire of 
dynnm. in kilos. 
R L 


( Initial. 

41. 8 

43-6 

G. } Kinal. 

45-4 

40.8 

1 Gain. 


— 2.8 

( Initial. 

46-5 

35-4 

11. ] Final. 

54- X 

48.9 

1 (inin. 

7.6 

13-5 

r Initial. 

S8.6 

39-5 

B. ] iMnal. 

54.5 

50.0 

( (Jain. 

15.9 

X 0.5 


I'ressiirc of 
dynnm. in kilos. 
R L 



( Initial. 

54-1 

49.0 

I. 

} Final. 

56.8 

531 


( Gain. 

2-7 

4-1 


( Initial. 

38.6 

38.2 

J. 

\ Gain. 

44.5 

41.8 


t Final. 

5.9 

3-6 


( Initial. 

46.5 

41.8 

K. 

) Gain. 

44.2 

45-4 


( Final. 

— 2.3 

3-6 


Average gain 

5-56 

5 41 


transferred to the left side. 'J'he average gain of the right arm is 5.56 
kilos., of the left 5.41 kilos, or nearly as much. This corresponds 
closely with the figures obtained by Dr. Anderson, where the dynamo- 
metric pressure itself was practiced. He found, with practice of the 
right hand alone, a gain in the right of 11.7 pounds, in the left of 13.2, 
the gain in the left being the greater. 

'I'here were two failures to make gains in strength of grip. G., who, as 
we have before pointed out, neglected to follow instructions exactly, 
made no increase in the left forearm ; and K., who showed no increase in 
girth of right arm, failed there also to increase in strength. 

If we compare the gain in girth of forearm (hand clenched) with the 
gain in jjrcssure, we find a close correspondence. The six sulijects again 
fall into two types, not so clearly defined, how'ever, as those in Table 
VIII. In Type C (Table X.) are placed H., B. and J., who show the 
largest gains in girth and also in the dynamometric |)ressure. Though 
there are some partial variations from the type, the averages prove the 
point very conclusively. The average gains in girth and in pressure in 
Type C are all large \ in Type D they are all small, zero or minus. 
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A tqst of endurance differs materially from one of strength. The 
former requires a succession of small impulses for action, extending over 
.a long period of time ; the latter, a strong impulse for action for only a 

Tahlk X. 

Comparison bdiv:en girth muisurenimts ani (fyn imometric pressure. 


Girth gains. Dynamometer gains. 

Forearm. 




R 

L 

R 

r. 


H. 

13 

10 

7.6 

13.5 

TypeC. 

n. 

13 

5 

15.9 

10.5 


J- 

3 

I 

5 9 

3-6 


Average 



9.8 

9.2 


G. 

1 

— 2 

3-^» 

— 2.S 

Type D. 

I. 

0 

—4 

2.7 

4.1 


K. 

—I 

3 

--2.3 

3-6 


Average 

0 

— I 

1-3 

1.6 


•moment of time. The two tests are very unlike, and may require the 
<ievelopment of entirely different factors. 

The effect of practice on the ability to resist fatigue and pain. 

Some important facts were noted from the observations made in respect 
to fatigue, ]Dain and soreness, due to exercise ; and also in respect to 
the condition of the muscle, before and after practice. At the initial 
:test the fatigue was local for both right and left arms, and was limited to 
pain in the attachments of the biceps muscles at the shoulder and elbow. 
The biceps itself did not tire. No general feeling of fatigue was ex- 
perienced. For a few days after the initial test the muscles and tendons 
of both arms were very sore, so that practice was quite materially in- 
terfered with. No marked difference could be detected, by sight or pres- 
sure, between the muscular condition of the right and left arms. 

At the final test fatigue was more general. K. was completely ‘‘tired 
•out.’* Subject I. “ached in knees and back,’’ was very nervous and 
could not sleep the first night after the test ; his arms felt numb with a 
tendency to »“ go to sleep.” J. experienced a great thirst during the 
test. When local pain was felt at all it was generally in the tendons, as 
at the initial test. Very little soreness either in the right Or left arm 
was experienced as a result of the final test. When the muscles were 
pressed with the finger a slight difference could be noted between the 
‘Condition of the arms, fhe right biceps being the firmer. The facts above 
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noted do not hold for all of the subjects. The data could hardly be ex- 
hibited in a table, so they have been summed up in general. 

We may draw several conclusions from the facts observed in regard to- 
fatigue, pain and soreness, (i) Practice so inured the right arm to its 
work that in the final test general fatigue came on before local fatigue. 
This hardening process was transferred in a striking degree to the unused 
side. In a work of endurance the tendons seem to weaken before the 
muscles themselves. (2) By practice the right arm reached siicj? a con- 
dition that the after-effects of local soreness from continiffed exertion were 
avoided. This was found equally true of the unused side. (3) As far 
as could be judged from the examination by pressing the muscles with the 
fingers and from the amount of work done by both arms, the right arm 
had attained a fineness of condition not shared in by the left. 

The immediate effects of exercise on girth measurements. 

In order to determine if the blood circulation on one side of the body 
varied with the exercise of the other side, measurements of the biceps, 
contracted and relaxed, were taken in the order Z, before the exercise: 

Taiji.k XI; 


Giith fHi'asurdments before and after exercise. 




Biceps. 

Biceps, 

Gain 

Biceps 

Gain 



1st Meas. 

2(1 Meas. 

over 

1st. 

3d Meas. 

over 

1st. 



K 

Z 

A* 

L 

R 

L 

R 

L 

R 

L 

G. 

C 

2S8 

269 

293 

26S 

5 

— 1 

293 

277 

5 

8 

R 

232 

226 

245 

228 

13 

2 

240 

240 

8 

14 

H. 

C 

283 

271 

298 

268 

IS 

—3 

290 

273 

7 

2 

R 

246 

241 

256 

239 

10 

— 2 

261 

246 

5 

5 

B. 

C 

293 

296 

307 

30D 

14 

4 

296 

303 

3 

7 

R 

255 

256 

267 

255 

12 

— I 

260 

270 

5 

14 

I. 

C 

338 

320 

348 

320 

10 

0 

347 

330 

9 

10 

R 

281 

277 

294 

276 

13 

— 1 

291 

292 

10 

15 

J. 

C 

312 

302 

318 

304 

6 

2 

314 

‘315 

2 

13 

R 

264 

262 

274 

260 

10 

— 2 

265 

270 

1 

8 

K.' 

C 

280 

262 

290 

261 

10 

—1 

277 

270 

—3 

8 

R 

239 

230 

252 

231 

13 

I 

243 

238 

4 

8 






Average C 

10 



Average C 4^ 

's 






R 12 

—3 



^S'/z 


C — Contracted. R — Relaxed. 


with the dumbbell ; then in the order R, Z, immediately after the test 
with the right arm; and finally in the order Z, R, immediately after the- 
lest with the left arm. The measurements given in Table XI. do not show 
a corresponding variation in both members. 

In the second set of the measurements there was an average increase, of 
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10 “"V or 3%, in the girth of the right biceps contracted, and of 12™"', 
or 5%, in the same relaxed. There was no increase in the left arm, 
but rather a decrease in size. The fact that the increase in right arm 
was greater in the relaxed condition, may be explained mechanically. 
The surplus of blood due to exercise was actually squeezed out of the 
muscle when it was rigidly contracted. 

The increase in the size of the right arm is probably due to two effects 
of exendse : (i) the rush of blood to the muscle, shown by the disten- 
tion of the superficial veins ; and (2I the swelling of the muscle due to 
the production of heat and waste products. After K. had completed his 
test, a marked difference in temperature was noted between the biceps 
and the triceps. The fact was evident even to the sense of touch. The 
triceps felt cold in the comparison. 

In the third set of measurements taken immediately after exercising 
the left arm, this member was found to have increased in girth, while the 
right, due to its quiescence, had already lost much of its former gain. In 
J. and K., who made the highest number of flexions with the left arm, the 
former increase made by the right is practically all lost. 

Three facts would seem to shqw that the circulation of the side not exer- 
cised does not tend to vary in accordance with that of the side exer- 
cised : (i) the negative results in the left arm measurements taken after 
the exercise of the right ; (2) the rapid decrease in girth of right arm, 
after its exercise, even though the left was then exercising ; (3) the very 
manifest difference between the temperature of used and unused muscles 
in close proximity. The facts would indicate rather a variation of blood 
circulation in the opposite direction. 



'Potal number 

Taiu.k XII. 

Amount of Practice. 

Days Av. 

flex’s, per 

'rime 


of flexions. 

of practice. 

day. 

of exercise. 

c;. 

4900 

12 

408 

Evening. 

H. 

5500 

12 

45s 

Evening. 

B. 

3100 

12 

258 

Eve. and morn. 

1 . 

3900 

12 

325 

Eve. and morn. 

J. 

1050 

iS 

“5 

Evening. 

K. 

6300 

21 

300 

Morning. 

Average 

4125 


310 



Amount of practice. 

For the practice experiments the instructions were not to tire or over- 
work the muscle but to exercise lightly and frequently. . To show the 
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amount of practice done Table XII. was prepared from the subjects’ notes. 
The duration of practice averaged 14^ days. The average member of 
flexions in each day’s practice varied from 115 to 458, the total average 
being'310. The time of exercise was either early morning or late even- 
ing. No correlation could be discovered between the length and time of 
practice and the girth gains, or the number of flexions and the girth gains. 
The two subjects, J. and K., who continued the practice over the longest 
period of days made the greatest gains at the final test in the nutpber of 
flexions of the left arm. The average of the periods of pVactice was 19J4 
days and their average gain in flexions, 369. For the other subjects the 
period of practice was 12 days and their gain in the left arm flexions only 
83. This indicates that the transference of the effects of practice is not 
immediate, but occurs after the effects are noticeable on the side prac- 
ticed. 

Tabi.k XIII. 

Comparison of results. 

Subjects. Conditions. Results. 



A 

B 

C 

D 


E 

z 

F 


F 






R 

L 

R 

R 

Z 

R 

Z 

G. 

28 

12 

408 

5 - 

-5 

\ 

— 2 

820 

200 

3-6 

—2.8 

11. 

26 

12 

00 

13 

6 

13 

10 

950 

30 

7.6 

135 

B. 

29 

12 

258 

6 

II 

13 

5 

900 

75 

15.9 

10.5 

1. 

26 

12 

325 

8 

3 

0 

—4 

750 

75 

2-7 

4.1 

J. 

26 

18 

115 

2 

0 

3 

I 

403 

225 

5-9 

3-6 

K. 

24 

21 

300 

4 

2 

— I 

3 

724 

514 

—2.3 

3-6 

Average 26 J 

Hi 

310 


H 



757 

! 

1 

5-56 

5 41 


A, subject’s age. j E, girth gains of forearm, contracted, 

li, practice period in days. j E, gains in number of flexions. 

C, daily average number of flexions. | G, gains in dynamometric pressure, in 

D, girth gain of biceps, contracted, in mm. ! kilos 

Summary, 

Table XIII. is intended to exhibit at a glance the important conditions 
of the dumbbell test and the results obtained in relation to the amount of 
practice. For example, H., 26 years of age, during a period of 12 days, 
by lifting a weight of 2^ kilos, with the right arm 458 times* each day, 
increased the girth of the right biceps by 13"“; of left by 6'""‘. The 
averages giye the results which may be expected with the given condi- 
tions. The figures would vary undoubtedly with another set of subjects 
or should any of the important conditions be changed. The general 
condition to ba emphasized is that by practice of one side of the body 
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in muscular power the other side shares in the gain in size, strength and 
endurance. 

IV. Accuracy of voluntary effort. 

Lunging at a target with a fencer’s foil was chosen as a suitable ex- 
ercise to educate the subjects in accuracy and coordination. It is a com- 
plicated movement, involving the simultaneous action of many muscles 
and muscle groups. These coordinated muscles are in some cases re-: 
mote from one ijnother. Accuracy in the movement may be cultivated 
to considerable fineness. Attention is essential to such accuracy. 

The lunge used in this work was that taught by the French school of 
fencing. It is described as follows : ( i ) The subject — when lunging right- 
handed — at the command ‘‘Ready,” assumes a position with the right 
side to the target, left foot parallel to the target, right foot in advance a 
short step and at right angles to the left, knees slightly bent, body per- 
pendicular, left arm bent over the head, right arm with foil in hand 
supine, right elbow bent and foil pointed at the target. (2) At the com- 
mand “ Lunge,” the following movements are executed simultaneously : 
the whole body is thrown forward toward the target but the trunk is still 
perpendicular ; the right foot i!> advanced a long step, but with knee still 
bent \ the left foot is kept in its place and the left leg extended ; the left 
arm drops to the back ; the right arm is extended. 

In this way the foil is advanced at the target. This lunge was taught 
as rapidly as possible during the practice. It required about a week for 
the subjects to learn it with any degree of grace and precision. They 
were allowed to practice the movements, right-handed, in their rooms but 
no records of accuracy were made except at the regular practice hour, in 
the presence of the investigator. The practice continued in most cases 
for 10 days. 



Fig. 3. 


Apparatus, 

fA tack \^as soldered to the point of an ordinary fencer’s foil. (Fig. 3. ) 
The tack was filed to a sharp point of 3""“ length. A rubber cap was 
adjusted firmly over the end of the foil so that the point of* the tack was 
hidden. When the foil was thrust against the target, the rubber was 
compressed so that the tack protruded enough to pierce the paper ; the 
elasticity of the rubber, as the foil was drawn away, preventing any tear- 
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ing of the paper that otherwise would have been caused. The target 
(Fig. 4) was devised by Dr. Scripture. It was composed of two boards 
60""' square, and 2®'" and 1*"“ thick. The lighter swung on the heavier 
one by a hinge at the top, thus forming a cover over it. A disc 47“’" 
in diameter was cut out of the thin board so that the center of the 
circle and the center of the boards coincided. At the ends of the 

I 

perpendicular and horizontal diameters of the circle, four small nails 
with sharpened tops were inserted into the back board. Thin white 
wrapping paper was used for targets. To place a target the thin cover- 
board was raised, the paper was pressed down on the four nail points, 
the cover was lowered and firmly clamped. The whole target was 



Fio. 4. 


securely fastened against the wall at the height of i To center 

the target : a stick (Fig. 4) was fitted into two sockets on the cover. 
A nail with a, sharp top w^as fixed in the middle of the stick, so that it 
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coinci<Jed with the center of the target. When the paper had been ad- 
justed, the stick was placed in the sockets and by pressure on its upper 
surface the nail on its lower surface was driven through the paper into 
the center of the target. The stick was then removed, and a bladk pin 
15“* long, with a head in diameter, was inserted into the cen- 

ter to serve as a point to aim at. For each subject a distance from 
the target was chosen which seemed best adapted for his reach with the 
foil. "J^his distance remained constant for him during the entire practice. 

Characteristics of the subjects. 

Four of the subjects were college freshmen, one a graduate , student, 
and one a draughtsman. 

Their individual characteristics may be indicated in the following 
manner : 

I. Age, twenty -six. Graduate student. Temperament, nervous. 

Gymnast and athlete. 

L. Age, seventeen. Temperament, nervous. Ambidextrous. Gen- 
eral training in athletics. 

M. Age, seventeen. Temperament, phlegmatic. No gymnastic train- 
ing. 

N. Age, twenty-two. Draughtsman. Temperament, motor. Gen- 
eral training and especially in gymnastics. Ambidextrous. 

O. Age, eighteen. Temperament, motor. No systematic bodily 
training. 

R. Age, eighteen. Temperament, nervous. No special training ex- 
cept farm work. 

The average age of 19^ years should be favorable for increase in ac- 
curacy and coordination. 


Method of experiment. 

P'or the test the subject was allowed either to dress in a gymnasium 
suit or to wear his ordinary clothes. In the latter case, however, the 
coat, collar and tie were removed to* allow of free movement in lunging. 
After the manner of dressing had been chosen, it remained the same for 
each subject throughout the tests and all the practice exercises. 

None of the subjects had fenced previously to the experiments. When 
the subject came into the room for the first time, the lunging movement 
was described carefully, but briefly, and each was allowed t\vo or three 
preparatory lunges — right-handed — before a record was taken. Then, 
at the command “ Ready,*' he assumed the position, and at “ Lunge," 
he thrust the foil at the target. The observer stood ready with his pencil 
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and marked the hole in the paper with a figure i. The lunge was im- 
mediately repeated until a record of ten thrusts was obtained. The paper 
was then removed and a fresh one placed in the target. Any important 
obseVvations were also noted down. After five minutes the experiment 
was repeated with the left hand. 

The subject was practiced for ten days in thrusting with the ri^ht hand. 
Ten thrusts were allowed for each daily practice. At the end of* the 
practice period, the initial test was repeated to compare gains in /.he right 
and left arms. Notes were also taken in respect to imjjrovement in form 
of lunging. The tests were all taken about 3 P. M., and for each sub- 
ject all the conditions were kept as nearly as possible the same. 

Results, 

The figures tabulated in Table XIV. are distances in mm. from the 
center of the target and are the averages for ten thrusts. Subjects L. and N. 

Tabi.k XIV. 


Increase in accuracy of lunging . 

Initial. Final. Gain. Relative gain. 



Age. 

R 

L 

R 

L 

R 

L 

R 

L 

T. 

26 

21.8 

46.0 

16.8 

34.5 

50 


0.22 

0.25 

L. 

17 

36.2 

39-9 

254 

27.2 

10.8 

12.7 

0.29 

0.30 

M. 

17 

49.8 

72.8 

25-3 

44.4 

24.5 

28.4 

0.49 

0.39 

N. 

22 

56.2 

.50-4 

25-7 

35-4 

30.5 

15.0 

0.54 

0.29 

0 . 

18 

80.2 

86.5 

25-5 

327 

54-7 

53.8 

0.63 

0.62 

R. 

18 

59-2 

47.9 

27.5 

44.9 

31.8 

30 

0-53 

0.06 

Average 191^ 

50 s 

57-2 

24.3 

36- 5 

26.2 

20.7 

0.51 

0.36 


are practically ambidextrous, and in right and left initial tests they give 
average results not very widely separated. R. shovfs greater accuracy 
with the left than with the right although he is right-handed. In the • 
final tests the right hand is more accurate in all cases. In three cases 
the left has made the greater gain in millimeters ; in the other three, the 
right. Four subjects made greater relative gains with the right arm ; 
two, with the left arm. The final averages show that the right arm is the 
more accurate. In the initial tests the average difference between right 
and left is 6.7"'“. In the final tests the difference is 12.2""". Hence 
the right has made the greater average gain, the difference being 5.5""“ 
in favor of the right. 

Table XV. gives the probable error, expressed in millimeters and also 
in per cent, pf subjects O. and I. The point to be noted especially is 
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that the probable error of the left arm has decreased as well as that of the 
right, though in each case the decrease is greater in the right. 

Table XV. 

Decrease of probable error,. 



Probable 



Probable 

Probable error. 

error 

in %. 


Probable error. 

error in %. 

L 

A* 

L 


A? L 

R L 

T r In ' . 12 46 X2.02 

\ F. 2 86 • 3 62 ‘ 

15.5 

*3 9 

0 1 

31.2 4.92 

14 3 16.9 

11.2 

11. 


1.84 3.74 

10.9 10.8 

Figs. 5 and 6 were constructed to 

illustrate 

the increase 

in accuracy 




due to practice in lunging, 'fhe cuts exhibit the facts given in Table 
XIV. The average distances from the center in the initial tests are indi- 
cated by the outer circles ; the distances in the final tests by the inner ones. 

The ejfect of previous training. 

The fact that the left docs hot gain so much as the right is eni[)hasized 
by the cpnsideration that, since the right arm is. to begin with, more ac- 
curate than the left, there is less opportunity for it to make large gains. 
There is a* point beyond which increase in accuracy is extremely slow. 
The largest gains were made by subject O. whose initial records were 
the most inaccurate of all. The smallest gains were made by subjects I. 
and 1j. whose initial records were the most accurate. 

Subject I., who is a trained man physically through gymnastics and 
athletics, made the most accurate average initial record. He was able 
3 
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after 15 days’ practice to lower the record of the right arm by 5"!"*, and 
that of the left arm by 11.5"““. M. and O., who were very inaccurate at 
the initial test, had had no special bodily training ; at this particular test 
of a(S:uracy they made great improvement. The others did not exhibit 
striking characteristics in the records ; they were men of average bodily 
training. An exception to the preceding statement is to be made in the 
case of R., in whose case the left hand was superior to the right in the 
initial test and made only a small gain. 




Xy upper line, serial number of thrust. 

X, lower line, successive steps in subject’s practice. 
Yy distance from center of target. 


It is probable that accuracy, steadiness and coordination, when secured 
through any means of training, make their influence felt in any test that 
requires such cjualities for its successful performance. 
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Xy upper line, serial number of thrust. 

Xy lower line, successive steps in the subject’s practice. 
K, distance from center of target. 


hifluence of practice on average accuracy. 

The curves in Figs. 7, 8, 9, and 10 were made to illustrate the aver- 
age accuracy of the successive thrusts in the initial and final tests. X 
indicates the number of the thrust in the series of ten, and Y the distance 
in millimeters from the center of the target. The initial and final records 
of subjects I., M., O. and R. were averaged to form the curves, the records 
of L. and N. having been cast out because these subjects were ambidex- 
trous. 
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In Fig. 7 (initial test for the right hand lunge) the curve is irregular, 
reaching its greatest inaccuracy at the fourth thrust. At the final test for 
the right hand lunge (Fig. 8) the curve is more regular, but resembles 
the irfitial curve in still being most inaccurate at the fourth thrust. The 
curve for the initial test for the left hand lunge (Fig. 9) shows an increase 
in accuracy. The curve for the final test of the left hand lunge (Fig. 10) 
has been changed very materially by the practice of the right arm. The 
most important fact shown by the curves is that by the right argir’s prac- 
tice, both right and left have gained greater steadiness ‘and uniformity. 
In the final tests each thrust is more nearly an average thrust. 

Coordination of Movement, 

Accuracy and coordination are closely connected. Accuracy depends 
in great part upon a delicate coordination of muscle groups and of motor 
centers. A few facts in respect to the subject’s ‘‘ form” during his per- 
formance of the lunges arc here presented ; the term ^‘form” is used to 
mean the grace and precision with which the movement is executed. 

When the foil was handed to the subject for the first time, he was in- 
structed how to use it right-handed. Affer the short rest between right 
and left tests, he was asked to lunge left-handed, but no additional in- 
structions were given. In most cases there was no confusion resulting 
from the change of side, though the form was not so good. At the 
final test the same points were observed, with the following results. 

I. Movements with the left hand were executed correctly and in order, 
but a certain awkwardness was experienced. 

L. (ambidextrous). Form almost perfect with the left hand. 

M. Was not able during the practice to learn to dispose of the left 
hand properly. He always forgot to lower it when executing the lunge. 
This same trouble was experienced at the final test with both right and 
left hands. Otherwise the form was good, both right and left. 

N. (ambidextrous). He remarked that it was easier to lunge left- 
handed than right-handed. 

O . Form not so good left-handed as right-handed. 

R. Not at ease left-handed. This shows in the records. Very little 
gain was made for the left arm. 

In general, the movements necessary to the lunge are learned for the 
left side by practicing the right. Yet there is a perfection of grace and 
a fineness of coordination, that are attained only by the actual practice of 
the me.nber under consideration. 
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Accuracy of skilled fencers. 

The records of four experienced fencers, all of whom teach the art, 
were secured and are shown in Table XVI. Of these F.L., N.L. and G.M. 
teach with the foil in the right hand and have never fenced left-handed. 
WA*. though right-handed, teaches with the foil in the left hand. For 

Tabi.k XVI. 


A comparison of the accuracy of skilled and unskilled fencers. 



Average accuracy. 

Average of R and L. 


R 

L 


KL. 

36 . 3 

63-3 

49.8 

N.L. 

42.6 

58.9 

50.7 

G.M. 

40. s 

SI.6 

46.0 

Average 

39 « 

57 9 

48.8 

W.A. 

24.9 

23.8 

24 3 

Six subjects of Table XIV. / 

^ 1 Final. 

50.5 

57-2 

53.8 

24.3 

36.5 

30*4 


comparison with these records, the table gives those of the six subjects of 
investigation. The experienced fencers who had taught right-handed, 
were not able to ecpial in accuracy the six subjects who had been practiced 
for ten days ; in fact they were not greatly better than those subjects at the 
initial test. W. A. is physically a perfectly trained man, and a teacher of 
gymnastics. These facts, together with his left-handed teaching, probably 
account for his accuracy. The inaccurate records of F.L. , N.L. and G. M. 
may be explained in two ways, (i) In fencing, accuracy is not culti- 
vated to any great extent, ' but skill in parrying and the ability to get the 
thrust in at the right moment are considered the essential points. ( 2 ) Much 
of the accuracy of the six subjects is due to their practice under exactly 
the same circumstances. Possibly skilled fencers would be enabled to 
make unusually Accurate records by a few days of similar practice. 

Ratio of accuracy between right and left arms. 

Table XVII. shows the ratios in accuracy between right and left arms. 
With one exception, the ratio has increased, as the result of the practice 
with the right arm. It is significant that the average final ratio of the six 
subjects is nearly the same as the average ratio of F.L., N.L. and G.M. 
For W.A. who fences with either the right or the left hand, the right and 
left sides are practically equally accurate. 

> Scripture, Tests of mental ability as exhibited in fend Sttfd. Yale Psych. Lab. 
1894 II 123. 



38 


Walter W. DaviSy 


Table XVII, 


Initial ratio. 
R 

1 . I 

L. I 

M. I 

N. I 

O. I 

R. I 

Average I 

F. L. 

N.L. 

G. M. 

Average 

W.A. 


Final ratio. 


L 

R 

L 

2.11 

I 

2.05 

1.02 

1 

1.07 

1.46 

1 

I 75 

0.89 

I 

1-37 

1.08 

I 

1.28 

0.80 

I 

i,<f3 

I 13 

" i 

1 50 


I 

1-74 


1 

1.38 


I 

1.27 


I 

1-45 


I 

0.95 


In the case of the skilled fencers, very little difference could be de- 
tected between the ** form of the right and the left sides. The fencers 
themselves were surprised to find it so easy to lunge left-handed. Not 
only was there no apparent awkwardness, but the new movement was ex- 
ecuted with a considerable degree of precision and accuracy. 

Fatigue. 

The test was too short to allow the element of fatigue to enter to any 
extent. In many individual records, however, fatigue, or what produced 
similar effects, was present. Figs, ii, 12 and 13 are curves con- 
structed from individual records. X is the number of the thrust in the 
series, y, the distance of the thrust from the center of the target. The 
curve in Fig. ii, a practice record of subject L., shows a tendency to im- 
provement in accuracy which is regular till the eighth thrust. After this, 
fatigue seems to come in and the accuracy decreases with the tenth. In 
Fig. 12 the curve of M. shows improvement till the fifth thrust, in which 
the center is struck. Fatigue appears earlier in this record and there is a 
general decrease in accuracy to the end of the record. In no case did 
the subjects complain of fatigue, but the observer could detect a wavering 
of the foil point toward the end of records like Figs, ii and 12. 
Though the subject was not conscious of it, the fatigue was evident in the 
decrease of accuracy and in the unsteadiness of the foil. 
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Xy upper line, serial number of thrust. 

X^ lower line, successive steps in subject’s practice. 
K, distance from center of target. 
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In N/s fourth practice record, shown in Fig. 13, there is no. great 
variation from the first thrust. After each thrust the subject’s nervous 
equilibrium is reestablished before the next thrust is made. 

Thq form of any individual curve is dependent on three factors. ( i ) 
The condition of the nervous and muscular systems. The exercise of 

the nerves and muscles in lunging tends to 
improve their condition and hence accuracy 
is increased. If the system is in prime 
condition, due to othfcr exercise just prev- 
ious, this factor does not enter in largely. 
(2) Fatigue. This factor is more likely to 
affect the latter part of the curve. (3) Re- 
covery. This factor is in opposition to 
(2). If the system is able to recover itself 
completely after each thrust the effects of 
(2) are counterbalanced. In Fig. 9 the 
l-nj 14, average of left initial test, factor (i) is evi- 

dent. 'rhe accuracy increases from the first 
to the last because the condition of the nervous and muscular systems is 
being improved by exercise. In Fig. 12, factor (i) is evident in the 
first part, factor (2) in the last part. In Fig. 13, factor (2) is counter- 
balanced by (3). 

Types of grouping. 

When the records were measured the position of each thrust point was 
taken, and also its angle 
with a horizontal line 
passing through the 
center. The subjects were 
rather inclined to group 
their records in a particu- 
lar manner. Fig. 14 il- 
lustrates a type of group- 
ing that was generally 
given by N. It is the 
same record as that shown 
iii Fig. 13, and is what 
may be termed an aver- 
age record. There are 5 
minus and S plus, 5 right Fig. 15 

and 5 left thrusts, and the accuracy is fairly constant. 

Fig. 15 illustrates a different kind of grouping. With the exception 
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of the 5th, the thrust-points are in a line, extending from ^ + to Z — . 
Two of the subjects were quite apt to make such groups. 

In Fig. 16 are represented both right and left records of W. A., who is 
equally proficient with both hands. The right hand thrust-points are 
indicated by crosses, the left by dots. Line AB \s drawn from R -f to 
Z — a little to the left of the center. All the right hand thrusts, with 
one exception, are above to the left of AB. All the left hand thrusts, 
with on<5 exception, are below to the right of this line. A similar ar- 
rangement of thrusts whs made by the other skilled fencers, though not 
in so marked a degree. 

The following facts maybe noted from a study of the groups: (i) 
Most of the groups are similar to Fig. 16, — right hand thrusts to the 



Fig. 16. 


left of the horizontal line, left hand thrusts to the right. (2) The ten- 
dency to make such groups is more marked in skilled fencers. (3) The 
tendency increased in the six subjects during the practice. (4) The 
groups are most marked and distinct in the records of W.A., who has 
fenced with both right and left hands. 

'Fhere is jome evidence, then, to conclude that the influence causing 
the group records is unequal muscular development. The muscles 
chiefly used in the lunge are emphasized by practice and by their exces- 
sive contraction pull the arm to the other side of the body, thus produc- 
ing a one-sided record. This unequal muscular development is trans- 
ferred to the symmetrical muscles on the other side. Thq influence in 
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grouping is, therefore, peripheral and not central or mental. The chief 
influence at work in regulating the accuracy is central or mental. 

V. Diversion of energy. 

The following experiments were undertaken with the hope that they 
might help to furnish some explanation of cross -education. 

Apparatus, 

This was the same as that used in the tapping test first described, 
except that another key was clamped to the lap board, to allow one for 
each hand. 

Method of experiment. 

Records of five seconds of tapping were taken for the right hand, both 
tapping alone and also in connection with the other members. The 
records were taken in the following order: (^z) direct, (i) right hand 
alone, (2) right and left hands together, (3) both hands and right foot, 
(4) both hands and both feet ; (i) reversed, in the order (4), (3), (2), 
(i). In all cases only the right hand made a record. For each subject, 
two series of records were taken on each of four days. On the first and 
third days the records were taken in the ‘direct order, and on the second 
and fourth days in the reverse order. When more than the right hand 
was tapping no attempt was made to have the different members tai)with 
equal rapidity. The subject was instructed to devote as much attention 
to one member as to another and to tap as fast as possible with each. He 
did not know that the tapping of the right hand alone was being re- 
corded. The seven subjects were Divinity and Graduate students of 
Yale University. 

Results, 

Table XVITI. gives the results obtained for the seven subjects. 
The figures here are made up from two averages. The average of two- 
tests in the direct order was combined with that of two tests in the re- 
versed order. 

From the table it is evident : ( i ) that in general the right hand tapped 
more rapidly alone than in connection with the other members, (2) 
this difference in rapidity was not so marked on the third and fourth days 
as on the first and second. Even so short a practice made a striking 
change. In all cases, in the average of the first two days, the right hand 
was most rapid alone ; except in the cases of H. and V., this difference 
was marked. In the average for the last two days, in all but two subjects, 
H. and V., the right alone was still more rapid though the difference in 
rapidity is small ; on the contrary H. and V. were able to tap most rapidly^ 
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when all four members were tapping. The facts were generalized in the 
final averages. In the total average for the right hand alone the record 
was 36.9 for the first and second days, 36.3 for the third and fourth days, 
so that no gain in rapidity was made. The right hand’s total average for 
tapping in connection with all the other members was for the first days,. 
29.7 and for the last, 34.7, a gain of 5 taps for 5 seconds, or 16%. 


Taiu.k XVIII. 


The injlif^ence of practice on automatic movements. 





I St and 2 d days. 



3d and 4th days. 




(0 

(2) 

( 3 ) 

( 4 ) 

(I) 

(2) 

( 3 ) 

( 4 ) 


II. 

35 

3 fi 

34 

33 

3 b 

37 

38 

39 


S. 

27 

28 

21 

18 

35 

32 

32 

33 


T. 

45 

46 

41 

39 

44 

41 

41 

42 


V. 

38 

35 

33 

36 

33 

34 

35 

36 


X. 

34 

29 

20 

20 

35 

34 

31 

28 


Y. 

42 

42 

27 

31 

39 

39 

37 

34 


Z. 

36 

31 

32 

28 

31 

31 

27 

28 

Total average . . 

. . 

369 

35-6 

31 4 

Z 9-7 

3 b *3 

34.2 

34.8 

34.7 

Relative average 


1. 00 

0.96 

p 

bo 

0 80 

I 00 

0.94 

095 

095 

( I ) Right hand alone 


(3) Right hand 

with 

left hand and right foot. 


(2) Right hand with left hand (4) Right band with left hand and both feet. 


The last line of Table XVI IT. shows the changes in rapidity that 
occurred with a practice of four days, giving the proportional 


rapidity of the right hand under 
the different conditions. In the 
tests of the first two days the right 
hand lost 20% of its speed while 
tapping with other members, in the 
last two days, only 5%. Fig. 17 
represents the same facts in the form 
of a curve. X giv£s the number of 
members tapping, and F, the num- 
ber of taps in 5 seconds; while only 
the right hand is being recorded. 
The continuous line is the average of 
the first two days, the dotted line 
that of the last two days. There is a 
sharp descent in the continuous line, 
while the dotted line is more nearly 
straight. This indicates that prac- 
tice has increased the ability of 
the right hand to tap in connection 



Fic. 17. 

upper row, number of members used in 
tapping. 

X, lower row, number of members in 
addition to right finger. 

K, number of taps in 5 .sceonds made by 
right index finger, the heavy line representing 
the average for the first two days of practice,, 
the broken line that for the last two days. 

with the other members. 



44 


Walter W. Davis, 


With a longer practice the right hand, in multiple tapping, would un- 
doubtedly excel in rapidity its record while tapping alone. This was 
true in the case of H. and V. who at first gave four records of nearly equal 
rapidity. 

Regularity of tapping. 

During the last tests of the experiment several of the subjects remarked 
that the multiple tapping had become easier, that they only needed to 
set the machinery going and it went itself.” The experimenter, listen- 
ing to the tap counter, observed that in multiple tappiVig the right hand 
was more regular than when tapping alone. A specimen record is given 
to illustrate this fact. 



1st. 

2 d. 

Average. 

(4) 

39 

36 

37 Tapping very regular. 

(3) 

36 

35 

35 k “ “ “ 

(2) 

35 

34 

24 }4 Tapping irregular. 

(*) 

33 

34 

33>^ 

'I'he complete 

record 

was 

taken in the reverse order, the observations 


appended being written down between the consecutive 5 second records. 
The irregularity is probably caused by t'oo great concentration of energy 
or attention at one point — too much for the muscles to react to or prop- 
erly dispose of. Hence the time was slower. It docs not appear that the 
cultivation of the power to attend to several members at once is respon- 
sible for the increased rapidity in multiple tapping, since there was an actual 
decrease of attention in the later tests. For the same reason the increase 
of stored energy would not account for the fact. Very little energy is re- 
quired during the short test, and one is able to tap continuously, without 
decrease in rapidity, for several minutes, while here there was a rest of 15 
seconds between each 5 second record and the succeeding one. 

The experiments of Welch’ give results similar ^o those described 
above. She concludes that rhythm of the left hand affects the right hand 
for the pull of the dynamometer, but that after practice this influence dis- 
appears. . The explanation of such facts is probably found in the develop- 
ment of lower automatic centers by practice. After this development 
two acts, each of which at first recpiires conscious attention, become easy 
of simultaneous performance because the new automatic ceijters control 
the movements independently of the mind. 

Fig. 17 exhibits the fact that in the first day’s practice the right hand 
taps about as rapidly whether tapping alone or in connection with the 

. 1 Welch, On the measurement of mental activity through muscular activity and the de- 
termination of a constant of attention, Amer. Jour. Physiol., 1898 I 283. 
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left hand, while much of its speed is lost while tapping with either one or 
both feet. This means simply that one arm is in closer nervous con- 
nection with the other arm than the upper limbs are with the lower. 

VI. Theoretical.’ 

An explanation of cross-education cannot as yet be completely and 
satisfactorily made. To aid in the explanation of the fact certain ex- 
periments^of other observers are here brought together. 

Experiments in diversion. 

LOiMHARD, ^ in his work with Mosso’s ergograph, has shown that the 
strength of the right and left hands may vary either synchronously or in- 
dependently. By means of two ergographs he secured records of both 
hands at the same time. He concludes that the variations are not due 
to any abatement of will power or attention, or to the fatigue of muscle \ 
but father to changes which affect the lower centers of the spinal cord. 
The variations in strength which occur synchronously are due to changes, 
probably circulatory, affecting large parts of the central system ; those 
which occur independently are chie to local changes. 

Bryan’s ’^ experiments in tapping, carried on with children of different 
ages, prove that the effects of effort, through either extremity, arc shared 
by both ; and that the tapping ability of a joint is affected by the 
simultaneous exertion of the symmetrical joint on the other side. 

Patrizi^ found that the strength of one hand varies whether it works 
alone or with the other hand. In his tests with the ergograph he found : 
(i) that in simultaneous action, the right hand could do 3.67 kgm. of 
work, and left, 2.94, total, 6.61 ; in. alternative action, right, 3.72, left, 
3.58, total, 7.30 (it should be noted that the gain in alternative action 
is made chiefly by^the left hand, as if, in simultaneous action, more atten- 
tion were paid to the right hand than to the left); (2) that with the left 
hand in isolated action, its work was 4.63 kgm.; and with the left work- 
ing alternately with the right, its work was 5.64 — a gain of i.oi or 
21.8% — showing that the action of the right hand reinforces that of the 
left. 

' Lomkakd, Some allemtioHS in the strength which occur during fatiguing voluntary 
muscular work^ Jour, of Physiol., 1S93 XIV 1 13. 

2Brya.\, On the development of voluntary motor ability^ Amer. Jour. Psych. 1892-93 
V 201. 

®Patrizi, La simultaneite et la succession des impulsions voluntaires symeiriijues, 
Archives Ital. de I 5 iol., 1893 XIX 126, of which an abstract appears in the Annie 
Psych., 1894 I 452. 
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The experiments of Welch,’ as well as my own already described in 
the section on Diversion of energy, reinforce these researches in establish- 
ing the very close nervous connection existing between the right and left 
limbfe. 

Experiments on fatigue. 

In Mosso^s* experiments with the ergograph, results appear to pfove 
that muscular and central fatigue are quite distinct and independent. 
Fatigue, if considered as decrease in capacity for work,® is (Jilte almost 
wholly to influences that are central. After complete Volitional fatigue, 
the muscle may be made to do much more work by electrical stimulation 
•either of the muscle itself or of the nerve leading to it. I.OMUARD,*and 
Rossbach and Harteneck® support Mosso in these conclusions. 

Such considerations simplify the explanation of transference of practice; 
for if fatigue is chiefly central it is here that we must look for the most 
marked changes due to exercise. The effects of practice for the two 
hands, for example, are brought to an organ that has many things in 
•common for both members. 

Observations on attention and will power. 

Toulouse ® has proved the great importance of attention in acts of vo- 
lition. The ability to pay attention decreases in all mental maladies. 
By means of the dynamometer he found that persons affected with dis- 
eases of the mind can exert only a feeble pressure, and he concludes that 
this inability is due to their lack of power to concentrate attention. 

Stumpf," in commenting on the investigations of P'eciiner and Volk- 
MANN, described above on pages 6 to 7, makes the development of at- 
tention of great importance in transference. “The capability of con- 
centrating attention on a certain point in question, in whatever field it is 
acquired, will show itself efficacious in all others.’* Fechner, too, in 
this connection emphasizes attention. 

* Welch, On the measurement of mental activity l/trotigh muscular activity and the 
determination of a constant of attention, Amer. Jour. Physiol., 1898 I 283. 

2 Mosso, Ueber die Geselze der Ermudung, Arch. f. Anat. u. Physiol., Physiol. Abth., 
189089. 

® Scripture, The New Psychology, 228, Tendon 1897. 

* r.OMBARD, The ejfect of fatigue on voluntary muscular contractions, Amer. Jour. 
Psych., 1890 III 24, also Affet de la fatigue sur la contraction musculaire voltlntaire. 
Arch. Ital. de Biol., 1890 IT 380. 

5 Rossbach and Harteneck, Muskelversuche von Warmblutem, Arch. f. d. ges. 
Physiol. (Pfliiger), 1881 XV 2. 

® Toulouse, Notes sur quelques expkrienccs dynamomitriques chez les alienis, Soc. de 
Biol , 1893 V 121. 

’ Stumpf, Tonpsychologie, 1883 I 81. 
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Gilbert and Fracker*s recent investigations' of reaction-time for 
sound prove that practice in reacting to one form of stimulus shortened 
the reaction-time for other forms. Like results were found for the ability 
of discrimination. 

Scripture’s* hypothesis for explaining cross education is “physio- 
logically speaking, that the development of the center governing a par- 
ticular member causes at the same time the development of higher cen- 
ters cohnected with groups of members. Psychologically speaking, 
development of will power in connection with any activity is accom- 
panied by a development of will power as a whole. ’ ’ 

Obsenmtions on 7nirror-writin^. 

Saltmann,* Piper* and Treitel® have investigated the subject of 
mirror-writing, both in normal and abnormal persons and in children and 
adults. Their results show a greater tendency to reversed writing in the 
young and in those suffering with nervous disorders or sensory deficiency, 
notably in the blind, deaf and idiotic. 

Goldsch EIDER,® in his review of Saltmann’s article, explains mirror- 
writing as due to the greater influence in some persons of motor sensations 
over optical percepts. He considers that two directing factors must be 
distinguished in the production of writing ; the optical percept of the 
written sign and the motor sensations involved in the movements. In 
mirror-writing the motor sensations correspond to those in direct writing, 
but the written signs do not correspond to the optical percepts. The 
sequence of innervation occurs in this case under the influence of the 
motor sensations which appear to be dissolved from the optical percepts. 
These latter form the principal factor in general and with normal persons ; 
passing through the scries of innervations according to motor sensations, 
represents a lower, partly mechanical type. 

Goldscheider^s review apparently explains mirror-writing and also 
the transference of the effects of practice. If in certain persons the 

*Gilhert and Frackkr, The effect of practice in reaction and discrimination for 
sound upon the time of reaction and discrimination for other forms of stimuli^ Iowa Stud. 
Psych., 1897 I 62. 

2 Scripture, Recent investigatiom in the Yale Laboratory^ Psych. Rev., 1899 VI 165. 

3 Saltmann, Schrift und Spiegelschrift b. gesunden u hrafihett Kindern^ P estschr. z. 
Henoch’s 70. Geburtstag, 432, Berlin 1890. 

* Piper, Schriftproben von schwachsinnigen Kindern, Berlin 1893, reviewed in Zt. f. 
Psych, u. Physiol, d. Sinn., 1893 ^1 74 * 

®Treitel, Ueber das Schreiben mit der Hnken Hand und Schreibstdrungen^ Deut 
Zt. f. Nervenheilk., 1893 IV 277. 

fiGoLDSCHEiDER, Zt. f. Psych. u. Physiol, d. Sinn., 1891 II 414. • 
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motor sensations have a greater influence than the optical percepts, 
then by the transferrence of the motor sensations a movement is made qil 
the other side that is symmetrical to the movement practiced. This 
symftietrical movement i)rodiices the writing in the reverse direction. 

Reflex action, 

Walton ^ has shown the intimate connection between the centers 
of motion and sensation and between the motor centers for »^different 

j € 

groups of muscles. The muscles of a frog under the irtfluence of strych- 
nine may all be put into a condition of tetanus by the stimulation of 
only one point of the skin. In ordinary reflex action the motor center for 
the muscle of the eyelid must be closely connected with the sensory center 
for the cornea, as the stimulation of one causes a contraction of the other. 

Hofrauer ’* has proved by means of the ergograph that a stimulation of 
the sense of hearing may excite a muscle to greater action. A pistol shot 
at just the right moment causes a higher contraction than ordinarily ; but 
if it occurs a moment too soon or too late the contraction is hindered. 

Obsen'ations on the overflow of energw 

The researches of Exner ’’ in reflex and cortical stimulation in the dog 
establish several important facts, (i) The two methods of stimulation 
may reinforce each other. (2) A cortical stimulation which concerns 
only the left foot reinforces the reflex act which, it might appear, con- 
cerns only the right foot and its central organ. I’hat is, if the motor 
area for the left foot is stimulated electrically and at the same time the 
right foot is stimulated for reflex action, the movement produced in the 
right foot is greater than if only reflex stimulation is used. It was 
found, too, that cortical stimulation of the area governing one front foot 
reinforces reflex action in the hind feet, and likewise the reverse. 

Urrantschitsch,' in his experience with pathological subjects with 
diseases of the eye and car, has found true for the sensory nerves what ■ 
Exner found for the motor nerves. Sensations, as well as motor im- 
pulses to action, may affect parts seemingly not immediately concerned. 

’Wai.ton, Ui'htr Ktfli’xbc7vri^un-^ ifrs Stryc/imnfrosc/ies, Arch. f. Anat. u. Physiol., 
Physiol. Ablh., 1882 46. 

2 IJoFUAlM'.R, Interft'rt'u% zivischcn virschitutenen Impiilsen im Centralnerveil^ystem^ 
Archiv f. d. ges. Physiol. (PflHger), 1898 l.XVIII 546. 

® Exner, Zur Kenntniss 7'on tier IVef/iSi twirkutii^ dcr Erregiingen im Cetttralnei'ven- 
system, Archiv f. d. ges. Physiol. (Pfliiger), 1882 XXVIII 487. 

^ Uriiantsciutsch, Ucher dm Kinfluss von Trigeminus- Rcizen anf die Sinnesenipfin- 
dungeUf insbesondere auf den Gcsie/itssinn, Archiv. f. d. ges. Physiol. (Pfliiger), 1883 
XXX 129. 
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An hbyr’^ exclusive operation on the right eye showed on the left a rela- 
tive enhancement of the ability to see. In many patients with chronic 
catarrh of the middle car the observer was surprised to find that an im- 
portant pathological influence was transferred from the ear tQ the 
sense of sight. 

Damsch^ ex|)lains the spreading of nervous impulses to action as due to 
the close connection of all motor centers. Impulses from the motor 
centers tend to spread themselves by their entrance into the great central 
brain ganglion — ^vhere fibers from all motor centers come together and 
are intimately connected. 'I'his spreading of impulses is hindered by a 
checking, or inhibiting, apparatus which keeps the impulse from going 
the wrong way. This apparatus is much improved by practice. In the 
young and in certain nervously disordered persons it is deficient. 

It was noticed in the tai)ping experiment that there was a tendency at 
times for the subject’s left foot to make movements to accompany those 
made by the right. Damsch’s explanation for such movements is that 
the impulse sent to the right foot has in part escaped through the check- 
ing apparatus and gone the wrong way. In learning an act that involves 
fine coordination it is very obvious that the pupil executes many move- 
ments that arc entirely unnecessary. The nervous impulse has flowed 
out into wrong channels. 'I’hese observations show how closely related 
are the motor centers governing symmetrical or associated parts and how 
an influence sent out from the central nervous system to a peripheral organ 
may be felt in other peripheral organs also. 

Conclusions. 

The following conclusions may be drawn from my own experiments 
and those of other observers. 

a. The effects of exercise may be transferred to a greater or less de- 
gree from the par.ts practiced to other parts of.the body. This transfer 
ence is greatest to symmetrical and closely related parts. 

b. There is a close connection between different parts of the muscular 
system through nervous means. This connection is closer between parts 
related in function or in position. 

c. Will power and attention are educatetl by physical training. When 
developed by any special act they are developed for all other acts. 

Explanation of cross-education. 

With conclusions b and c established the explanation of transference is 

' Damsch, Ueber Mitbe 7 f}e^i^un^en in symmetrischiu Mttskeln an nicht-geldhmten 
Gliederny Zt. f. klin. Med., 1891 XIX 170. 

4 
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probably reached. There is no doubt that the most important effects of 
muscular practice are central rather than peripheral. The central effects 
may be distinguished as : ( i ) those dependent on the development of 
motor centers, that is, their improvement through exercise; (2) those 
dependent on the development of psychical factors, notably attention and 
will power. Of these two effects we would emphasize the first as the 
more important. In fact, in the tapping tests close attention and a strong 
will power were hindrances. In tests requiring strong effort these fac- 
tors are useful. ‘ , 

With the improvement by exercise of the motor centers governing the 
right arm, there is through the close nervous connection an improvement 
also of the center governing the left arm. Besides this in tests where 
will power and attention are necessary, these elements are developed by 
the exercise of the right arm and are efficacious also for the left. 

The peripheral effects of exercise cannot be ignored altogether. It 
has been noted before that in the dumbbell test, the left arm did no 
improve, relatively to the right, to so great a degree as it did in the other 
tests. It did not gain endurance to an extent comparable to the gain in 
the right. In purely muscular tests it is necessary not only to develop 
the center of motor control, but also to develop muscular tissue. The 
muscles must be put into better condition to gain endurance. It has 
been seen that the left arm gained in girth and to a varying extent in 
the power of endurance. This can be explained only by increased 
muscular nutrition. 

The measurements to determine if the circulation varied alike in both 
arms when only one. was exercised, gave negative results. That the cen- 
ters governing the nutrition of the right and left arms are affected alike 
by the exercise of either arm, suggests itself as a probable reason for the 
increase in girth in the arm not used. 



RESEARCHES IN PRACTICE AND HABIT, 


BY 

W. Smythe Johnson. 

I. Triangular movement. 

The subject was required to tap continuously at the corners of an equilat- 
eral triangle whose sides measured 20""'. This triangle was formed by a 
special triangular contact key, Eig. i, with knobs 20^*" from each other. 
This key was originally constructed at Dr. Scripture’s suggestion for 
use in testing school-children by 
Gilbert, by whom, however, it was 
used merely for tapping and not as 
a habit-key. ' 

The key was placed in circuit 
with a 4 ampere battery and the pri- 
mary coil of a spark coil, the con- 
denser being connected around the 
break. From the poles of the sec- 
ondary coil, one wire led to the 
base of the recording drum, the 
other to the base of a 100 v.d. 
electric fork bearing a flexible point 
on one of its prongs. Pressure on 
one of the key-knobs closed the 
primary circuit Tor an instant. When the circuit was broken a spark 
passed through the smoked paper on the surface of the drum making a dot 
on the time line drawn by the fork. Each spark thus indicated a tap on 
one of the three key-knobs. The time between the sparks could be read 
to the thousandth of a second.* 

The subjects included : K. (Kochi) and M. (Matsumoto), who were 
Japanese students of psychology ; P. (Powell), a student of English ; 

1 Gilbert, Researches on the mental and physical de7>elopmcnt of school-children^ Stud. 
Yale Psych, Ijib., 1894 II 40 (especially p. 40 and Fig. 5) 

*The arrangement of the recording apparatus was identical with that of Exercise IX 
in Scripture, Elementary course in psychological measurements^ Stud. Vale Psych. Lab., 
1896 IV 113 ; it is shown in Scripture, New Psychology, frontispiece, London 1897. 
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L. (Lloyd), a student of philosophy; H. (Hawkins), a student of divinity; 
S. (Dr. Scripture); and J. (Johnson). 

Before beginning the experiments the subjects were requested to 
devote their attention and energy to the exercise throughout each experi- 
ment and always to make as fast a. record as possible. They were also 
instructed to practice no similar movements at any time outside that of 
experimentation. They were not allowed to inspect their records nor 
were they given the least intimation whether they were gaining or losing ; 
exceptions to this rule occurred in the cases of J. and S. ' 

'rhe person experimented upon was placed in a quiet room.‘ The 
triangular key lay on a table. The subject stood while performing the 
experiment, as it was found that this position allowed the freest movement 
of the forearm. He fixed his gaze on the key. Before beginning an ex- 
periment a preliminary trial was allowed in order to acquaint the fingers 
with the relative positions of the keys. The subject was also asked to 
endeavor to regulate the tension of his muscles commensurate to the strain 
of tap[)ing fifty successive times. Unless thus cautioned, he was almost 
certain to break down before the end. If he did not break down com- 
pletely, he would at least miss some of the knobs in making the succes- 
sion of movements. The caution was given only at the beginning of the 
whole set of experiments as it was merely intended to prevent the adop- 
tion of too high a standard in the beginning. It was not again men- 
tioned lest the mental standard chosen in the first experiment should be 
changed. It was found that the subjects followed this request with re- 
spect to the left hand more closely than with respect to the right hand. 

With all the subjects except S. and J. the experiment was first per- 
formed with the right hand, then with the left, and again with the right. 
In the case of J. only the right hand was used and in that of S. only the 
left hand. 

Fatigue showed itself (i) when the subject completely broke down, 
(2) when he struck the knob of the key so inaccurately that he knocked 
it out of place, (3) when he missed one of the knobs of the key. The 
last case was the usual one and when it occurred the experiment was con- 
sidered to have ended. By counting the records to this point we have a 
result practically free of fatigue. 

Daily average. 

The average tapping time for each day is shown in 'Fable I. Curves 

VDescribed by ScRll’TURK, New Psychology, 136, London 1897. 
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corresponding to the table are presented in Figs. 2, 3, 4, 5, 6. A com- 
parison of th^se curves shows that, while each takes a direction deter- 
mined by individual characteristics, yet they all follow closely the same 
law of gain. 

Table I. 


A^'cra^t' between taps on sttccessive days. 



Haiul 



Serial 

number of e.\i)eriincnt. 




Subject. 

used. 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

K. 


30S 

2.S3 

2S0 

277 

26S 

242 

241 

213 

212 

209 

203 


300 

292 

3*6 

278 

276 

25S 

243 

239 

234 

230 

2 2fi 

M. 


294 

3 H 

302 

287 

271 

281 

M2 

239 

235 

229 

20b 

( 

3^4 

321 

302 

288 

2^)2 

28 1 

274 

273 

253 

250 

1S7 

• S. 

z 

219 

23 .‘> 

217 

201 

197 

188 


182 

172 

162 


J- 

A' 

224 

219 

210 

206 

230 

203 

*95 

191 

171 



P. 


244 

196 

175 

157 

K2 

M 3 

174 







226 

203 

173 

198 

1S6 






L. 


245 

210 

194 

m 

169 

i .'>7 






i r- 

261 

244 

223 

199 

192 

186 






H. 


212 

169 

I.S 9 










240 

174 

172 










The unit of measurement is —0.001’*. 

The number of measurements in each case was from .|0 to 50. 

'riie proljable errors of the determinations vary from .b5 to i<r. 

An omission of one or more days did not in every instance materially 
effect the amount of gain resulting from practice. An interval of two 
days between the first and second experiments of P. and I., did not seem 
to effect their records ; an interruption occurring between the fifth and 
sixth days with the subjects K. and M., and between the fourth and fifth 
days with J. and S., showed its effect on J. and M. very clearly, but in 
only a small degree on K., and seemingly not at all on wS. 

The losses on the fourth, fifth and sixth days with P. (left hand) may 
be attributed to the fact that he unthinkingly reversed the original 
direction of the movement in using the left hand. In the three previous 
exercises he had made his hand move clockwise. All the subjects except 
J. were /ight-handed and the right hand was always moved counter- 
clockwise, the left moving clockwise. The hands were thus moved sym- 
metrically but in opposite directions. The subject J., however, moved 
his left hand counter-clockwise and his right hand clockwise. This would 
seem to indicate that the centers governing the rotary movements of 
the muscles in right and left handed persons are diametrically opposed 
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upper line, serial number of experiment. 

Xf lower line, days of i)revious practice. 

K, tap time in thousandths of a second. 

to each other. A few experiments were made on another left handed 
person ; the .same direction of the movement of either hand was chosen 
as with J. However, I caused him to reverse the direction of the move- 
ment of the right hand so as to move counter-clockwise. As a result the 
movements of the right hand were much slower and fatigue set in 
earlier. Moreover, there was less regularity in the movements of the 
right hand. 

Datfy probable error. 

The change in the probable error for successive days, given in Table II., 
may be considered as an expression of the development of automatic 
control over the movements of the hand. 


Tahi.k it. 

Probable error on successive days. 


Subject. 

TTand 




Serial number of experiment. 




used. 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

ir 

K. 


50 

3S 

23 

36 

32 

43 

37 

15 

15 

17 

20 

^ /. 

So, 

51 

18 

38 

%o 

29 

20 

16 

27 

40 

18 

M. 


30 

37 

26 

47 

29 

36 

20 

20 

20 

14 

13 


35 

3S 

19 

20 

24 

30 

22 

26 

27 

17 

42 

S. 

/, 

39 

31 

37 

27 

31 

23 

37 

39 

27 

27 


J. 

R 

39 

36 

48 

26 

35 

42 

29 

33 

30 



P. 


30 

18 

18 

20 

15 

14 






\R 

26 

23 

19 

18 

15 

15 






L. 


35 

30 

29 

21 

17 

20 






\I‘ 

31 

28 

24 

23 

19 

13 






H. 


36 

21 

27 










27 

27 

32 










The unit of measurement is i®" = 0.001". 

This table gives the probable error of the tapping limes from which Table I. wa.s 
computed. 
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The probable error P was calculated according to the formula 

, Iff -i- * -f- . . , 4 - 7! 

p=^j hJULh.T 

I 


where t\, are the errors for the n measurements. Table II. 

shows a decrease from day to day which closely corresponds to the aver- 
age daily decrease fn the intervals between taps. 

An average of the decrease in the probable error of all the subjects for 



Fkj. 7. 

iij)per line, serial number of ex|)eriment. 
.V, lower line, days of previous practice. 
y, lap lime in thousandihs of a second. 


each hand was made; a graphical representation of it is given in Fig. 
7. Though the error for the left hand was larger than. for the right, the 
curve for either hand takes about the same direction. Hence the centers 
governing the left-hand movements, though less developed, are suscept- 
ible to the .same law of gain in automatic control. 

The irregularities in the daily decrease of the error may be accounted 
for in part by the variations in the nervous condition of the subject from 
day to day. Moreover, the preliminary trials given just before beginning 
each experiment, which were always the same in number, were not suf- 
ficient in every case to arouse the nervous centers so as to get the best re- 
sults from' practice, for I observed that in a few instances the tapping 
time was very slow at first, but rapidly increa.sed in speed during the 
first part of the experiment, which caused a larger probable error. Thus 
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the 43.^^ probable error of K. on the sixth day was principally due to the 
long intervals between the first four taps. 

That the preliminary trial was not sufficient in every instance for him 
to acquire momentum, so to speak, is seen in the record for the sixth day, 
which ran as follows: 315, 289, 291, 295, 200, 245, 244, 240, 269, 
242, 248, 251, 243, 237, 246, 238, 254, 240, 229, 254, 2iS, 219, 260, 

222, 231, 239, 235, 216, 223, 242, 229, 217, 212*^. This shows a dif- 

ference*of 103®" between the first and last taps, though the largest de- 
crease occurred fti the first foiir taps. As contrasted with this record, wc 
give his record for the eighth day, which shows considerable gain in rapid- 
ity and regularity in two days’ practice: 231, 229, 225, 220, 219, 223, 

229, 226, 223, 221, 2t8, 222, 208, 210, 221, 226, 209, 204, 229, 221, 

203, 207, 203, 200, 198, 217, 213, 209, 205, 202, 200, 195, 208, 203"^. 
This record shows a difference of only 29*^ between the first and last 
taps. A graphical representation of the records for these two days may 
be seen in P’ig. 8. According to the statement of the sul)je(:t on the 
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.V, upper line, serial nui^ibcr of cxj)eriincnts. 
lower line, days of previous practice, 
tap time in thoiisaiullh.s of a second. 

sixth day, he was conscious at the start that he was not doing his best, but 
somehow he could not get control of the muscles within the time allowed 
him in the preliminary trial. Hence the temporary effect on the first 
part of the 'record. 

In those records which show a small variability the subjects invariably 
reported that they were feeling quite well and brisk. Moreover, 1 ob- 
served that as the movements came to be controlled by the automatic 
centers and the movements became more rapid, the greater was the in- 
fluence of any change in the nervous condition of the subject. An illus- 
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tration of this may be seen in the results for J., sixth day, where he 
reached the highest probable error of his whole set of experiments, hav- 
ing inadvertently received an electric shock just before beginning the 
experfment. 

The rapid decrease in the intervals between taps with P. (right hand, fig, 
4) emphasizes the influence which previous training of any one set of muscles 
has upon the formation of automatic control where the form of movement 
is changed only as to direction. It is even more manifest in the decrease 
of the probable error. Although the movements involved in this exer- 
cise were different from those required in piano playing, yet the years of 
previous training had developed the centers controlling the movements 
of the hand to respond quickly and with considerable regularity ; so when 
the movements became circular (as was necessary in tapping the three 
keys) it was only necessary to establish the one additional element in the 
automatic centers, the direction of the movement of the hand. 

Averages of successive taps. 

My observations during different experiments each day convinced me 
that the subject gained in rapidity of tapping constantly from the beginn- 
ing of the experiment until the close or until the setting in of fatigue. I 
tested and corroborated my conviction in the following way : Reviewing 
the protocols, I derived an average from all the first taps, then from all 
the second taps, and so throughout the whole series. That my con- 
viction was correct is clearly shown by the fact that in every case the 
tapping time was decreased, ranging from 30*^ to loo*'. 

Consider ng the large number of experiments made and the number of 
subjects included in these tests, the constant increase in rapidity of mus- 
cular action during each experiment exceeded our expectations. Indeed, 
it may«be stated as a law of practice w^herein rapidity is the objective 
point, the movement does not follow any rhythmical law of increase and 
decrease, but constantly increases in speed until the setting in of fatigue. 

A few experiments were made wherein the tapping time was long con- 
tinued, which showed that when fatigue first sets in, the subject loses for 
a short time, then there is a renewal of effort and the speed is constantly 
accelerated for a certain period, but not so long as in the first. As each 
successive period of fatigue came on, the successive period of^increase in 
speed was shorter ; this was continued until that state was reached where 
the alternations were so rapid as to effect almost every other tap. This 
accords with the assertions of other investigators who have directed their 
investigations especially to the study of fatigue.' 

1 Moork, S^tiiiics of fatigue^ Stud. Yale Psych. I.ab., 1895 III 68;.liiNi’:T ET 
Vaschide, Experiences de vit sse^ Ann^e psychol., 1897 IV 267. 
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The lack of the development of the centers governing the movements 
of the left hand not only caused the tapping time to be slower than for 
the right hand, but the amount of gain during each experiment was also 
less. For instance, the average amount of gain for the right hand of*K. 
was 90*^ in 20 taps, while with the left he gained only 40*^. Stated in 
words, the gain with the left hand of all of the subjects was much less in 
propbrtion to the rapidity of its movement. 

Although P. was the most rapid, yet he gained less in amount than the 
other subjects during each experiment, for the right hand gained only 
50*^ and the left possibly lo*' . This demonstrates the fa* t that, as the 
muscles come more completely under control, the influence of practice 
becomes less during each experiment. With L., however, the results for 
the left hand are more favorable, namely, a gain of 40*^ with the left 
hand, compared to a gain of 50®^ with the right. The results of H. arc 
exceptional in that the gain was ecjual for both hands, namely, only 30®’. 
With the subjects K., M. and P. the centers governing the left hand 
were slower in their activity and less influenced by training than with L. 
and H. 

In like manner, the probable error for successive taps was determined. 
It showed a tendency to decrease as the experiment progressed. 
If the subject put forth the greatest effort in the beginning of the ex- 
periment, the error was correspondingly greater in the first part. But 
when the special effort was relaxed, the muscles reverted to their more 
accustomed speed of adjustment, and at the same time became more 
regular in their functioning. Therefore, a minimum gain in rapidity 
during any practice period is the best condition for impressing that 
standard upon the nervous centers ; as a result the decrease of the prob- 
able error is correspondingly accelerated. This principle is well illus- 
trated in the results obtained for the subjects ]. and P. both of \\thom 
gained very little in rapidity of tapping during the progress of an ex- 
periment, but who, however, made considerable decreases in the prob- 
able error. As long as spasmodic accelerations are observable throughout 
a short series of practice, the automatic control over the muscles may be 
considered imperfect, the degree of imperfection being indicated by the 
amount of the probable error. 

Relative gain by practice. 

Although the gain from day to day varies in response to the mental 
and physical condition of the subject, yet w^e may suppose from the con- 
formity of results of all the subjects that the acquirement of muscular 
facility, or, physiologically, the transition from that state which demands 
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constant fixation of the attention to the, state of automatic control fol- 
lows as closely a mathematical law as do falling bodies. The difficulty 
in finding such an expression is partly due to the difficulty in getting the 
subject under the same physical and mental conditions at each experi- 
ment and partly to the lack of scientific results on allied subjects upon 
which the law of habit must also depend. P'or instance, some , of the 
personal factors of our problem causing variations in the results obtained 
from different individuals are : differences in muscular memory <for differ- 
ent individuals ; different physical conditions due td differences in the 
constituents of the blood, etc. ; the rapidity of the heart-beat ; the tem- 
perature of the body ; the power of the fixation of the attention ; the in- 
terest in the experiment ; and the influence of emulation. The more 
nearly these various conditions approach the normal and the more accu- 
rate the measurements are, the nearer will the results for different individ- 
uals conform to the same law of gain in rapidity and regularity of muscular 
adjustments. This law of development may receive mathematical ex- 
pression either by percentages or by algebraical formulai. Of these two 
methods, 1 have adopted the former. I have adopted a method some- 
what similar to that used by Amuero* for determining the percentage 
of gain by practice. It will be seen, however, that 1 do not adopt his 
method without modification. 

We took the average tapj)ing time at the first experiment as a measure 
of the subject’s ability without any previous training. The differenre 
between the averages of the first and second experiments was taken as 
representing the influence of practice during the first experiment. Like- 
wise, the average tapping time of the third experiment was subtracted 
from the average of the first. This process was repeated throughout the 
series. Then taking the sum of the whole number of gains over the 
average of the first experiment and dividing by the number of experi- 
ments, we obtained the average gain for the whole series over the 
results of the first experiment, which was expressed as a percentage of the 
average tapping time at the first experiment. But this did not complete 
the series, for at the succeeding experiment he began the practice anew 
just as at the first exf)eriment. It was, therefore, necessary to repeat the 
same calculation, taking the average tapping time at the second experi- 
ment as the basis. In like manner, Ave continued the pVocess for the 
whole number of experiments, thus obtaining the average percentage of 
gain, taking each succeeding experiment as the beginning of a series. 
Then dividing the sum of these percentages by the number of experiments 

' Amuerc, OW^er den liiujlim von Arbeitspatam auf die geistii^e Leistnn^s/dbi^i^keit, 
Psychologische Arbciten (Kraepelin), 1896 I 30. 
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we obtained the average percentage of gain for the whole series of experi- 
ments. 

The formu 4 for the computation of these percentages may be stated in 
the following way. 

Let the averages for the ist, 2d and 3d, •••, nth days be a, b, c, •••, /. 
Thep take 

{a — b^ {a — ^) + (a — ^/) + ••• + (^a — /) = A, 

(/, - +(/,_,/) + ... 4. (/; _ ^ /y^ 

( I ) (i* — ^/ ) + ••• + (t* — /) *= 6', 


(2) 

( 3 ) 


A i)rt = uW / f , 

— Z) ^ 0%, 

k = ///c ; 

(// — i)^ + — 2)^ + 0 ^ ““*3)^ + ••• + ^ 


The signification of such percentages is that they give us a true stand- 
ard for the comparative influence of practice on different individuals. 
Although all practiced the same amount each day under similar condi- 
tions, yet we shall now see how differently the percentage of gain in 
speed of voluntary movements differed with each subject from day to day 
and how similar were the final results after the completion of the entire 
series. 

Maklk TII. 

J ^ t'Ialive ^ain in speed from day to day . 



Hand 




Serial number of day. 





Subject. 

used. 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Ave. 

K. 


0.21 

0 16 

0.17 

o.iS 

0.18 

o.ri 

0.13 

0.02 

0.03 

0.03 

0.12 


.14 • 

.12 

.21 

.12 

.13 

.09 

.04 

.04 

.03 

.02 

.09 

M. 


.12 

•19 

•17 

.16 

.12 

.18 

.06 

.07 

.07 

.10 

.12 

yi - 

.16 

.18 

.14 

.12 

.05 

.12 

.12 

.16 

.14 

.25 

.14 

S. 

L 

.11 

.20 

.15 

.10 

.10 

.06 

.07 

.08 

.06 


.10 

J- 

R 

.09 

.08 

.05 

.04 

.17 

.08 

.07 

.10 



.08 

P. 


•32 

.20 

.14 

.06 

.06 






.16 


.17 

.10 

—.07 

.09 

.07 






.07 

L. 

' 

.26 

.17 

•13 

.07 

.07 






.14 


.20 

..18 

.14 

.05 

•03 






.12 

H. 


.22 

.28 

.06 

.01 









.13 

.14 


The values in columns I, 2, ..., lo were calculated by formula (2), those in the 
column Ave. by (3). The figure for any particular day indicates the combined relative 
gain for all succeeding days over the record for that day. 
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The relative average daily increase in speed is given in Table III. 
For the right hand of K. the average percentage of gain on the second 
day was 21% over the speed made at the first experiment. But, as is 
shown in the table, the percentages decreased perceptibly until thf close 
of the series of experiments, ending on the eleventh day with a gain of 
only over the speed of the tenth day. The small percentage in the 
latter part of the series would seem to indicate that he had approximately 
reached his limit in rate of movement. So with all the otlvif subjects, 
the percentage of gain in increase of speed constantly declined as the 
practice was continued from day to day. The large percentages in the 
first part of the series show that the greatest gains are to be made in the 
early part of practice. 

The average percentage of gain given in the column of averages shows 
the comparative value of practice for each individual. Comparing K. and 
M., whose experiments extended over the same number of days, we see 
that practice had the same effect on the right hand of each of them, 
namely, 12%; but for the left, K.*s average percentage of gain was less 
than for the right hand, while with M. it was even larger than for the right. 
So with S. and J., we see that practice was of more value for S. than J. 
by 2%. Likewise P. gained 2% more with his right hand than did L. ; 
but with the left hand L. gained 5% more than did P. 

The average daily decrease of error was also derived according to the 
formula given on page 61 ; the results are given in Table IV. 

Taki.e IV. 

Relative average daily decrease of error . 

Hand Serial number of day. 


s 

X 

used. 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Ave. 

K. 


0 45 —0.22 

0.28 

0.27 

0.23 

0.51 

0.55 

—0.16 — 0.23 — 0.18 

0.15 


.64 

.42- 

— .68 

.29 

.11 

.10 

— .27 

- .9 - 

•7 

•55 

.10 

M. 

^ J . 

.13 

.33 

.05 

•54 

•30 

.52 

.16 

.21 

•32 

.07 

.26 


.25 

•33 

— -37 

— -33 

— .14 

.11 

— .27 

— .11 — 

•9 — 

•59 

— .11 

S. 

I . 

.19 — 

.02 

.17 

— .17- 

— .02- 

- -13 

.16 

.31 



.05 

J- 

H 

.11 

.04 

•32 

— -30 

.04 

.27 

— .09 

.09 



•07 

P. 


.43 

.07 

.09 

.27 

.07 






•19 


•32 

.26 

•23 

• 17 

.CO 






•19 

L. 


.38 

.27 

•33 

.12 

— .18 






.18 


\ l - 

•3t 

•29 

•23 

.30 

•32 






•29 

H. 


•33 — 

•29 









.02 

U r 

- .09 — 

.16 









.11 


The explanation is the same as for Table HI. 

Comparing the decreases of the probable error for K., 15%, and M., 
26%, we see that practice was more beneficial for the right hand of M. than 



Researches in practice and habit. 


63 


for the right hand of K. But for the left hand the reverse was true. Even 
if we cast out the last practice of M., on account of its poor effect, the 
— 1 1 % changes to + 6%. It should be noted that the percentages for the 
left hand of K. and M. are the reverse of those given in Table III. •Like- 
wise the same is true for S. and J., for while S. gained more in speed, J. 
gained more in regularity of movement. The small percentage of de- 
crease of the probable error would seem to indicate that S. and J. kept 
the order to tap as quickly as possible in the foreground of the attention, 
for the percentage of gain in rapidity was larger for the whole series with 
each of them than was the reduction of the probable error. On the con- 
trary with the subjects K. and M. who had approximately reached their 
utmost speed of voluntary movement, the percentage of the decrease 
of the probable error was larger than the percentage of gain in si)eed. 

We may summarize the results given in Tables III. and IV. in the fol- 
lowing way : P. made the greatest percentage of increase in speed with 
the right hand, and .S. and L. the greatest with the left ; that of all the sub- 
jects J. possessed least ability for development of rapid movements with 
the right hand. When regularity, not rapidity is considered, the right 
hands of K. and M. and the leff hands of K. and L. made the greatest 
gain in regularity of movement while S. made the least of all. 

Relative average daily gain in speed and decrease of error compared. 

The average percentage of increase in speed and of decrease in the 
probable error from day to day for all the subjects were compared ; the 
lesultsare expressed in the A and B curves of Fig. 9. These curves 



upper line, serial number of day. 

V, lower line, days of previous practice. 

F, relative increase in speed (B) and decrease in probable error (A). 
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show very clearly that whereas the percentage of gain in rapidity of 
movement is larger in the first part of the series of the experiments, in 
the latter part the greatest influence is directed toward the reduction of 
the iAegularity of the movements. 

Considering the curves A and B as representatives of the influence 
of practice on seven subjects, indicating the gain made in six to eleven 
days, we are justified in making the following general statements con- 
cerning muscular action. 

First, the gain in rapidity and the gain in regularity df muscular action 
are greatest during the first periods of exercise ; one or both of these 
continues to diminish as practice continues at each experiment as well as 
at successive experiments. 

Second, during the earlier periods of exercise practice has greater ef- 
fect upon the rapidity of muscular action, but later its greater effect is in 
the reduction of the irregularity of voluntary movement. 

I'hird, the relations of rapidity and irregularity are largely affected 
by the relative complexity of the muscular movements, the number of 
muscles undergoing training, and the subject’s power of concentration of 
attention. 

II. Drawing circles. 

The ol)ject of this set of experiments in drawing circles was to show : 
(i) the gain in the reduction of imperfections in the drawings during 
each experiment and from day to day; (2) the influence that a copy 
placed l^efore the subject had upon the size of his drawings. 

A package of ten sheets of paper, 125""” by loo*"'", was placed before 
the subject, sitting at a table. A sheet of paper with a circle of 60'""* in 
diameter, described with a compass, was placed before him as copy ; 
he was asked to look carefully at it each time before commencing to draw 
his circle. The copysheet was the same size as those used by the subject. 
The ten slips of paper lay one upon the other at the start; the experi- 
menter stood by and removed them as the circles were drawn. I'hus all 
visual comparison with previously drawn circles was prevented. It was 
impressed upon the subject that he should keep the true circle constantly 
in memory after he took his eyes off the copy to direct his hand. The 
circles were drawn with the free hand, no portion of the hand or arm 
being allowed to rest on the table during the process. No restrictions 
were imposed on the time consumed in the drawing of the circles. All 
distracting influences %vere removed. Before beginning, the subject was 
enjoined to do his best at each trial. 

The subjects were J. F. and S. F., teachers in the primary grades of 
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the New Haven city schools, who had previously had considerable 
practice in drawing circles in the school-room ; M. C., a girl of twelve ; 
B., C., H. and J., students in the university. 

A characteristic expression for the deviation of the drawn curfe from 
the true circle may be found by comparing the longest diameter with the 
shortest one. The two diameters were measured in millimeters and theii 
difference was considered as the amount of error. 

It w^s deemed advisable to limit the number of circles drawn at one 
sitting to ten, sb that the element of fatigue might be almost if not com- 
pletely eliminated. Preliminary experimentation showed that the influ- 
ence of fatigue was not perceptibly present with the right hand until the 
ninth or tenth repetition, and with the left hand until the fifth to seventh 
repetitions. However, those curves in the series which most nearly ap- 
proximated true circles resulted in attempts ranging from the fourth to 
the seventh. Consequently, under ordinary circumstances, the drawing 
of five circles would give sufficient practice for the subject to reach an 
approximate maximum of accuracy of adjustment. Hence it was deemed 
best to stop the experiment a^t a point where the subject was gaining in 
accuracy rather than to contimje it until the errror began to Increase. 

Gain on successive days. 

The average errors for each day are shown in Table V. 

Table V. 

Average error on successive days. 



Hand 


Serial number of experiment. 



Subject. 

used. 

1 

2 

3 

4 

5 

6 

B. 


12 

9 

12 

II 

8 

9 


lO 

9 

7 

5 

5 

8 

M.C. 

If 

10 

9 

7 

7 

6 

5 


13 

10 

7 

6 

5 

4 

C. 

\e 

6 

lO 

6 

9 

5 

9 

4 

9 

\ 

3 

7 

J.F. 

JA* 

6 

6 

5 

5 

3 

2 


II 

10 

9 

8 

8 

4 

S.F. 

If 

6 

6 

6 

5 

4 

4 

U 

7 

6 

5 

5 

4 

4 

H. 


9 

1 

8 

7 

7 

6 

\L 

7 

10 

8 

9 

10 

J- 


II 

6 

5 

5 

4’ 

3 


9 

13 

8 

12 

7 

6 
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As is shown in these figures, practice with the left hand gave more irreg- 
ular results than that with the right. However, B/s record was an excep- 
tion in that the error was not so large as that for the right hand. More- 
over, ‘the error decreased more rapidly in the practice with his left hand. 
The small and irregular gain with his right hand may have been due to 
a tendency to accomplish the task with great rapidity and to previgus 
practice in writing, for his penmanship was sharp and pointed. Hence 
the left hand had the advantage over the right since the right Jiknd not 
only had to form a habit for a certain movement but to reform one. 

With H. and J. the lack of improvement with the left hand was due to 
a decrease of effort. I observed that they made great effort on the first 
day ; but after that they declared it useless for them to practice with the 
left hand because improvement was hopeless. These two records plainly 
demonstrate the influence of confidence in one’s ability upon one’s de- 
velopment. Purposeful attention and persistent effort on the part of the 
subject are the two most essential elements in practice for the establish- 
ment of any definite mode of muscular action. 

Though the amount of gain with C. was the same for each hand, yet 
the magnitude of the error at the beginning of the series with the left 
hand gave more scope for improvement, and had the subject been equally 
skillful with his left hand the curve would have descended much more 
abruptly. On the contrary, M.C. gained more with the left hand 
than she did with the right. The very regular decrease of the error with 
this subject from day to day shows the influence of persistent effort ; I 
observ’ed that she was very careful throughout the whole set of experi- 
ments. 

Though there was a gain of 7““ for the left hand of J.F. as contrasted 
with a gain of 4'""' for the right, yet most of the decrease in the error 
for the left hand occurred at the last experiment, w'hich was undoubtedly 
due to the extra effort put forth. Though the subject thought all along 
that she was doing her best while practicing with the left hand, yet after 
the close of the series she said that she was conscious of having made 
considerably greater effort at the last experiment. None of the subjects 
save J.F. knew that the sixth day’s trial would close the set of experi- 
ments. 

Gain in successive circles. 

The average of the errors for all first circles, that for all second circles, 
etc., were taken. The results. Table VI., show that with the most of the 
subjects the error became less as the practice was continued. 
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Table VI. 


Average error for successive circles. 


Subject. 

Hand 

used. 

I 

Serial number of circle 
2 3 

4 

5 

B. 


11 

10 

9 

9 

lO 

\i- 

8 

5 

9 

7 

9 

M.C. 

If 

10 

9 

8 

7 

7 


7 

6 

6 

7 

8 

C. 

If 

6 

5 

5 

5 

4 


10 

9 

9 

8 

7 

J.F. 

If 

6 

5 

5 

4 

3 


9 

9 

8 

7 

7 

S.F. 

If 

6 

6 

5 

5 

3 


7 

6 

6 

4 • 

4 

H. 

If 

8 

7 

7 

6 

6 


9 

8 

7 

9 

10 

J- 

If 

7 

6 

6 

5 

4 


6 

9 

10 

8 

10 


The unit of measurement is 

Each figure is the average of 6 experiments. 

The probable error of a detemiination varies from i 0 . 9 *"™ to =b o. 


It has been proposed by Dr. Scripture to call the curve of change for 
a single continuous experimental session the ‘‘curve of practice*’ and 
the curve of change for successive sessions the “curve of habit.” In 
the present case the gain on successive days would be represented by a 
curve of habit and the gain in successive circles by a curve of practice. 

In the case of M, C. the practice and habit curves are alike in that 
they each begin with an error of 10®”* and end with 7"*"*. The maximum 
decrease of error was not reached until the fourth circle was drawn with 
the right hand, while it was reached in the second with the left. The 
control of the movements of the left arm was evidently not sufficiently 
developed to prevent fatigue during the time required to make five circles. 

The similarity between the practice and habit curves seems to indicate 
that the development during each practice period follows closely the same 
law as does the daily progress, for in both alike the gain is most rapid in 
the first part of the exercise. However, the amount of gain for the dif- 
ferent subjects varies considerably ; this I attribute to the differences in 
the muscular memories of different individuals. With some, the error of 
the first circle on successive days was only slightly larger than the aver- 
age for all the circles made on the preceding day, while with others it 
was in some instances equal to that at the beginning of the preceding ex- 
periment but rapidly decreased. The law of practice and the law of 
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habit are presumably of the same general form with different constants for 
different circumstances. 

Comparison of the drawn curve with the original circle. 

In** order to indicate the size of the curve drawn as a circle,, four 
diameters were measured and their average taken. The diameters 
measured were the shortest, the longest and the two 45° from these. 
These measurements furnished an approximate estimate for determin- 
ing how much change, if any, there had been in reproducing* the copy 
circle of 60'"“' in diameter. 

Tablk VII. 

A. Size of successive circles. 

Hand Serial number of circle. 


Subject. 

used. 

I 

2 


3 

4 

5 

B. 


62 

64 


66 

63 

62 

1/- 

59 

62 


60 

62 

60 

M. C. 

f R 

64 

6r 


58 

57 

54 


61 

58 


59 

59 

62 

C. 

f R 
\L 

60 

58 

61 

62 


62 

6r 

64 

65 

68 

69 

H. 


61 

60 


58 

57 

55 

\l^ 

62 

63 


64 

63 

62 

j- 

SR 

61 

62 


63 

65 

68 

\/- 

58 

59 


61 

60 

6o 

S. F. 


61 

62 


64 

65 

67 

U- 

61 

62 


62 

63 

64 

J. F. 

SR 

63 

58 


60 

60 

60 

\L 

63 

63 


65 

60 

63 



15. Daily 

avera^ij^e size of circle. 




Hand 


Serial number of experiment. 


Subject. 

used. 

I 

2 

3 

4 

5 

6 

13. 

[ R 

65 

59 

62 

63 

67 

65 

\L 

57 

6i 

61 

62 

63 

60 

M. C. 


66 

62 

57 

55 

55 

54 


64 

61 

6£ 

60 

57 

56 

C. 


61 

62 

63 

63 

65 

65 


61 

62 

62 

64 

64 

65 

H. 

( R 

60 

58 

58 

57 

57 

56 

\L 

61 

63 

63 

62 

63 

63 

J. 


68 

65 

64 

63 

63 

62 


59 

63 

57 

63 

61 

55 

S. F., 


70 

65 

65 

63 

62 

60 

\L 

70 

64 

61 

59 

59 

58 

J. F- . 


62 

61 

60 

60 

60 

60 


66 

64 

63 

62 

60 

62 


The unit of measurement is i““. 

In section A, each figure is the average of six experiments. 

In section B, each figure is the average of five circles. 

The probable error of a determination varies from ±2.1““ to ±0.3““. 



Researches in practice and habit. 


69 


There were two points to which the subject was required to direct 
his attention in making each figure : the roundness of the figure and its 
correspondence in size to the copy. We shall now answer the question 
whether the subject directed his attention more especially to the fcfrmer 
or the latter point. 

The results given in the above table show three types of practice : (i) 
that in which the subject decreased the size of the circle both during the 
progress^of each experiment and from day to day, (2) that in which the 
size of the circle Aras increased during the experiment but decreased from 
day to day, (3) that in which there was but little variation either during 
the experiment or from day to day. The first two classes characterize 
those who regarded more carefully the smoothness of contour of their own 
drawn curves than they did the correspondence in size to that of the 
copy. The third class were those who directed their attention more es- 
pecially to the size of the curve, and who observed the copy closely each 
time before beginning to draw their own curves. 

The measurements for B. showed that during the first three experi- 
ments he began by making the circle smaller than the copy, but in- 
creased its size during the experiment until it was larger than the copy, 
whether the right or the left hand was used. During this period he made 
the circles by moving each hand counter-clockwise. During the practice 
of the last three experiments, for some unknown reason, he reversed the 
direction of the movement for each hand and as a result the size of the suc- 
cessive circles was constantly decreased. The subject was not conscious 
of having made any change in the direction of the movement of either 
hand, and was unable to say which way he had moved his hand in the 
last experiment until he had made the motion as if making a circle, so 
unconsciously was the movement performed. Questioning the subject at 
the close of the series brought out the fact that this reversal may have 
been due to practice on the inverted oval as seen in the capital W, Ex- 
cepting the change in the size of successive circles with the change in 
the direction of the movement of the hand, all the changes occurring 
during any one practice may be easily accounted for. If, for instance, 
after making the first circle, he judged that one to have been smaller or 
larger than the copy, then in the following he proceeded to correct it. 

The figures given in 'fable VII. show that he made greater effort to ap- 
proach the copy when practicing with the left hand than he did with the 
right. Moreover, I observed that he regarded the copy more carefully 
each time when practicing with the left hand. The care directed toward 
accuracy of contour and size of circles drawn with the left hand caused 
the time consumed in making the circles with the left hand to be about 
one-fourth longer than with the right hand. 
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With M. C., the right hand was directed counter-clockwise, as was the 
case with all the other subjects save B., already mentioned ; the left was 
moved in the opposite direction. Starting with a diameter of 71“® for the 
first circle with the right hand, she reduced the diameter to 6 during the . 
first experiment. Likewise the decrease in the size of successive circles 
continued throughout the series of experiments, becoming less, however, 
at each successive experiment. The average of all the experiments, 
Table VII., shows a decrease of io"”“ in the size of successive circles ; and 
in the daily averages there was a total decrease of 1 2®*'. These figures 
show that the subject decreased the size of the circle with the right hand 
both during the process of the experiment and from day to day. Likewise 
the average of successive circles for the left hand shows that the size of 
the circle was decreased in the second circle, but increased thereafter. 
The decrease of the size of successive circles for the left hand was not so 
large as for the right, which indicates that the subject directed her atten- 
tion more especially to the size of the circle when practicing with the left 
hand, and to the smoothness of contour of her own curves when practicing 
with the right. 

The subject C. seemed to give closer attention to the copy when practic- 
ing with the left hand but more especially at the beginning of eachexperi- 
ment. As was the case with most of the others, the principal consideration 
at the beginning of each experiment seemed to be to make the circle the 
same size as that of the copy ; but when the copy did not correspond to 
the natural adjustments of the muscles and when an attempt to follow the 
size of the copy caused an increase of the error, the subject’s sesthetic 
feeling for smoothness of contour in his own curves soon gained control 
of the movements, and consequently the size of the copy was wholly 
disregarded. 

Since S. F. made .such small gains in the decrease of the angularities of 
her curves, we are justified in concluding that she directed her attention 
more especially to making her curves the same in size as the copy. 
Though there was a constant tendency to increase the size of successive 
circles throughout the experiment, yet the tabic shows that she decreased 
the avetage size of the circles in six days’ practice with the right hand 
from 70““" to 60“", and with the left from 70*“® to 58™“. I observed that 
during the first experiment she paid more attention to the smoothness of 
her curves than to their size, but with practice, however, she became 
more regardful of their size. In order to make a test on the point 
whether the size of the copy had any influence on the error in the draw- 
ings, I made a few experiments on this subject in which no copy was 
used. As a result the circles were somewhat larger than those made at 



Researches in practice and habit. 


71 


the first experiment and thfe error was less. These results for S. F. furnish 
an example of the development of the inhibitory powers in overcoming 
the muscular adjustments for larger movements of the arm. 

The most ’important feature of practice with J. F. was the approgich in 
the ^ize of the circles to that of the copy. Questioning the subject at the 
close of the series brought out the fact that she had fixed her attention 
more especially on the size of the circle. Her statement is confirmed by 
the large number of alternations in successive circles, so numerous in fact, 
that there were scarcely two successive circles of the same size. There 
was, mpreover, no tendency to increase or decrease the size of successive 
circles as with the other subjects. The correcting process was continued 
throughout the series but the corrections decreased in amount as practice 
continued day by day.. For instance, there was a variation of 8 "* in the 
size of the circles drawn with the right hand on the first day while there 
was only 3'"™ variation on the last day. Such a gradual reduction of the 
variations in the size of successive circles from day to day demonstrates 
the influence of practice in giving control over muscular adjustments. 
The exaggerated adjustments are not in my opinion so much due to the 
lack of judgment as to the inertia of the muscles ; when they do yield to 
the will, such momentum is accpiircd that the movement is as likely as not 
to be exaggerated. The great difference in the development of control 
over muscular adjustments between J. F. and the other subjects was due to 
the close attention that she gave to the coi)y before attem|)ting her circle. 
She not only observed the copy carefully at the beginning of the exercise 
but also before attempting each circle. 

Daily decrease of error expressed in percentages. 

The percentages given in Table VIII. were computed according to the 
method given on page 61 ; they show the comparative effects of practice 
on ♦he different subjects. We notice that ecjual amounts of practice had 
influences on the different subjects ranging in value from — 12 % to 
+ 37 %• c^se of B. the average gain was 8 % for the right 

hand and 13% fo*" ^^e left. This signifies that although losses occurred 
on some days yet upon the whole, the good effects of practice overbal- 
anced the evil effects of x>ractice. 

The percentages for M.C. show a decrease from day to day with each 
hand. It is particularly noticeable in the case of the left hand where the 
gain of the last over the first day amounted to 50 %, which, h )wever, 
decreased very rapidly until the sixth day when there was no gain over 
the preceding day. These percentages show that practice had 3 % 
greater effect in the development of control over the movements of the 



72 


W. Smythe Johnson^ 


left hand than for the right. On the contrary, \fith C. the gain was 12 % 
larger for the right hand than for the left. Moreover, the percentages 
from day to day showed no diminution in the influence of practice. 

Table VIII. 

Relative average daily decrease of error due to practice. 



Hand 


Serial number of day. 



Subject. 

used. 

I 

2 

3 

4 

5 

Ave. 

B. 


0.18 

— O.II 

0.22 

0.23 

— 0.12 

. 0.08 

\L 

.60 

•31 

.14 

— 30 

-^.32 

•13 

M. C. 


•32 

•31 

.14 

.21 

•17 

•23 

1 ^ 

•50 

.42 

.24 

•17 

.00 

.27 

C. 


•27 

•33 

•27 

.12 

.25 

•25 

\L 

.16 

.08 

.11 

.17 

.12 

.13 

J- F. 


•30 

•37 

•33 

•50 

•33 

•37 

i 

.29 

•27 

.26 

•25 

•50 

.32 

S F. 


•17 

.21 

.28 

.20 

.00 

.17 

\L 

•31 

•25 

•13 

.20 

.00 

.18 

H. 

{1 

.18 
— 23 

.22 
— -IS 

0 

. t 

.07 
— .19 

•U 
— .11 

.15 

— .12 

J- 


•S8 

.29 

.20 

•30 

•25 

•32 

\L 

— .02 

.36 

— .04 

.46 

.14 

.18 


The percentages given in this tabic were computed from the results given in Table V. 
according to the formulas explained on page 61. The values in columns i, 2, 5, are 

calculated by formula (2), those in the last column by (3). 


The very considerable effect of practice on J. F. showed itself both in 
the increase of the percentage from day to day and in her making a larger 
average percentage of gain with each hand than any of the other sub- 
jects. As already observed, S. F. varied from the copy more with the 
left hand than with the right, the reduction of the error being i % 
greater for the left hand than for the right. Considering the fact that 
she was decidedly right-handed, this is important as it shows how a change 
in the fixation of attention alters the influence of practice. On the 
other hand, with H. we find that practice had an opposite effect, for with 
the right hand there was a gain of 15 %, while with the left there 
was a loss of 12 %. 

Error for successive circles expressed in percentages, 

In the same manner as in the preceding section, the percentage of de- 
crease in the error for successive circles was determined, which showed 
in every case.a gain with the right hand during each practice period, 
ranging in values from i % to 27 %. With the left hand, the per- 
centages varied from — 20 % to 21 %, though in four out of seven cases, 
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the percentages showed a loss for the left hand. This demonstrates very 
clearly that with untrained muscles a constant standard can usually be sus- 
tained only for a very short interval of time. However, the ability for 
continuing the exercise with increased regularity for a longer time in- 
creases with practice. 

Table IX. 

Relative average decrease of errc^r for successive circles. 

Hand Serial number of circle. 


Subject. 

used. 

I 

2 

3, 

4 

Ave. 

K 


14 

7 

— 6 

—II 

I 

\ 

6 

—17 

II 

—29 

— 20 

M. C. 


22 

17 

6 

0 

II 


4 

—17 

-15 

—14 

— 10 

C. 


21 

7 

10 

20 

19 


17 

11 

17 

12 

14 

:j- f. 

H’ 

29 

20 

30 

25 

26 

i/- 

14 

18 

12 

0 

II 

S. F. 


21 

27 

20 

40 

27 



28 

22 

33 

0 

21 

H. 


19 

9 

14 

0 

10 

\c. 

6 

— 8 

—30 

—II 

— 12 

I 


25 

17 

25 

20 

• 22 

J* 

1 

—54 

— 4 

10 

—25 

—18 


The percentages given in this table were computed from the results given in Table VI. 
according to the fonnulas on page 6i. 

Observations and deductions. 

I observed that when a special effort was made it was usually ac- 
companied by unnecessary movements of the body. For instance, C. 
in the first part of the series of experiments would contract the jaw 
muscles ; J. would bite his lips ; some would twist the mouth ; others 
would knit the eyebrows. As practice continued, however, and the 
.action became more habitual, these distortions for the most part disap- 
peared. Undoubtedly whenever there is a tension of some muscles while 
others are being vigorously exercised, they become influenced in pro- 
portion to this tension. 

In some instances I have observed that when the subject noticed an 
irregularity iti his figure, a desire to improve upon this seemed to excite 
the nervous centers so much that the following effort would not be so 
good as the preceding. Although the gain in proficiency is not entirely 
a physiological process, yet any chain of actions must be repeated a 
number of times before it becomes established in the automatic centers. 
However, the amount of practice required for any chain of actions to’ be 



74 W, Smythe Johnson^ 

carried on with the minimum amount of attention and effort is a psycho- 
logical factor, depending upon the intellectual vigor of the individual. 

These experiments bring out some striking differences in the develop- 
ment of the movements of the right and left hands. For instance, the 
practice curve for the right hand followed closely the direction of the 
habit curve ; while with the left, instead of there being a gain during each 
practice, there was, in some instances, a decrease in accuracy of the 
drawings as the practice continued. This difference in the 'practice 
curves Tor each’ hand, I attribute to the special effort (fi attention called 
forth at the beginning of the experiment with practice of the left hand. 
When practice is carried on until the movements become irregular, the 
practice becomes injurious, for the irregular movements become incor- 
porated into the chain of reactions as certainly as do those which are 
purposefully directed. Therefore, practice may tend to establish irregu- 
lar adjustments as well as regular ones. Speaking figuratively, the cap- 
ital on hand at the beginning of each succeeding practice period is the 
sum of the preceding practices. Consequently, the larger the probable 
error of the average of all the preceding practices, the more irregular 
will be the movements of the muscles at the succeeding practice. Hence 
better results might have been obtained in those cases where the error 
increased after the third circle if the practice periods had been shorter in 
the first part of the series and more prolonged in the latter part. 

Owing to the fact that some of the subjects increased the size of suc- 
cessive circles and others decreased them, we are justified in concluding 
that there is a certain adjustment of the muscles in writing and drawing 
most suitable for each individual which should be taken into consider- 
ation when training the muscles for accurate adjustment. If the size of 
the copy corresponds to the natural adjustment, the subject needs only to 
direct his attention to the smoothness of his figures, otherwise, he has to 
contend with the distracting element of the size. Therefore the amount 
of gain in accuracy of adjustment will be influenced thereby. The 
general conclusion is that, in the earlier stages of muscular development, 
the size of the copy should be adjusted to the natural movements of 
the muscles. If this is not done it may prove such a distracting element 
that the subject will discard it altogether, for, as we have seen, the at- 
tention is always directed first toward smoothness of contour*, or freedom 
from angularities. Psychologically the order of development is in such 
movements as writing and drawing, (i) reduction of irregularities, (2) 
correctness in size; and in movements where agility is involved, (i) 
rapidity, (2) regularity. 

The correspondence in the decrease or increase of the size of the 



Researches in practice and habit. 


75 


circle and the average daily error, as shown in these experiments, in- 
dicates (i) that some distinct relation exists between the error and the 
size of the circle ; (2) that the subject’s attention, especially in the case 
of the right hand, was usually directed to the decrease of the error /ather 
than* to making the circles of a size corresponding to that of the copy ; 
(3^ that the muscles of the right hand, trained to make certain move- 
ments, found it difficult in some instances to establish an entirely new 
set of reflexes. 

Finally, these Results support the principle that a short exerciSe often 
repeated, is the best method of practice for rapid development of accurate 
adjustments of the muscles. There is no doubt that many of the long 
exercises in writing and drawing and other subjects in the school-room 
often engender habitual inattention in the pupils. They are often com- 
pelled to write continuously for several minutes ; the wisdom of this is 
doubtful when we consider that in the case of well-developed persons five 
trials at one time in the experiments with circles gave the best general 
results attainable at one sitting. Hence long practice at writing, draw- 
ing, piano-playing, etc., seems to be time and energy wasted, for not 
only are inattentive habits cultivated, but every wrong adjustment of the 
muscles gains a place in the chain of subconscious memories and there- 
fore delays the development of the control over the muscles for accu- 
rate adjustments. The practice at each sitting should last only so long 
as the movements are purposefully directed. 

III. Development of control over untrained muscles. 

The object of this set of experiments was to ascertain the influence of 
practice on entirely untrained muscles and less adaptable joints. The 
experiments, made on the left large toe of Mr. Davis, covered a period 
of ten days. Four phases of the toe’s movement were recorded, the 
time of the downward motion, the downward rest, the upward motion, 
and finally the upward rest. As each movement of the digit required 
the exercise of several muscles, the object of measuring each of the.se four 
phases of the toe’s movement was to show: (i) the differences in. time 
for the phases of the movement; (2) the influence of practice on the 
phases ; (3) the influence of practice on the shortening of the time of 
the entire iijovement of the toe. 

Apparatus, 

The apparatus was virtually the same as that previously described in 
these Studies.^ The single 100 v. d. fork was, however, replaced by the 

* Scripture, Elementary course in psychological measuremenlsy Stud. Yale Psych. 
Lab., 1896 IV 1 13. 
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Pfeil and Deprez markers from which wires led into the quiet room * 
and were there connected with a double-contact key. The markers wrote 
directly on the smoked surface of the drum ; the points were placed par- 
allel fo each other and in a line tangent to the surface of the drum. 
When the drum was revolved, the distance between the marks caused by 
movements of the armatures could be measured with great accuracy. . 

The key knob moved through a distance of 5™“. At the beginning of the 
downward movement of the toe the back contact was broken ; at the end 
of the (fownward movement the front contact was made ; at the begin- 
ning of the upward movement, the front contact was broken ; at the end 
of the upward movement the back contact was made. Thus the limits 
were marked for the four phases, downward movement, lower rest, up- 
ward movement, upward rest. The latent times were compensated. 

Daily averages of the tapping time. 

The ayerage tapping times for successive days are given in Table X. 
The series of taps during each experiment was divided up into three 
parts. The first section in Tabfe X. includes the averages of the first 
30 taps ; the second, the 31st to the 50th tap ; and the third, the sist to 
the close of the experiment. 

The results show an almost constant increase in speed from day to day. 
Beginning with an average of 436*^ on the first day, the average tapping 
time became 212*^ after ten days* practice. Only on one day was there a 
loss and then the subject was indisposed. 

Fatigue was always present after about the 50th tap, appearing sooner 
on some days than on others, as indicated by the probable errors in sec- 
tion C. of Table X. 

Practice generally has its greatest effect between the 30th and 51st taps. 
The first 30 taps formed the training period of the muscles in which the 
tapping was constantly accelerated. When the exercise was continued 
until the muscles were partially overcome by fatigue, the tapping became 
slower and much more irregular. The portion of the experiment lying 
between the 30th and 5 1st taps was chosen arbitrarily as a uniform 
measure for comparison. The most regular part of the day’s practice 
corresponded closely to that marked off in these boundaries. The ten- 
dency was, however, for this zone of regularity to move each day slightly 
farther away from the beginning. 

Of the different phases of the toe’s movement, we notice that the 
movement upward was longer than the downward one ; likewise the up- 
ward rest w'as longer than the downward rest. The tension of the spring 


* See above, p. 52. 



Researches in practice and habit. 


77 


of the key, although made too slight to be considered, may have also 
contributed to make the downward rest shorter. That the touch stimulus 
was the main factor appears likely because by practice the upward rest 
tended to decrease more rapidly than the downward rest. 

Tahi.k X. 


Daily average of tapping times. 


Date, 

Movement downward. 


Downward rest. 


Movement upward. 

1898. 

A p. e. 


p.e. C 

p.e. 

A 

p.e. 

B p.e. 

C 

p.e 

A 

p.e. 

B 

p.e-. 

C 

p.e. 

XI 1 - 

-14 

45 14 

39 

6 47 

12 

56 

13 

97 40 

62 

20 

88 

38 

84 40 

59 

18 

(( 

15 

3 

23 

7 45 

14 

63 

16 

57 14 1 16 

41 

40 

12 

27 

9 

61 

18 

it 

16 

31 5 

41 

11 42 

12 

87 

41 

69 38 

77 

33 

40 

9 38 

9 

41 

8 

1 1 

17 

30 5 

32 

5 41 

12 

56 

10 

56 15 

71 

17 

31 

9 

31 

5 

44 

12 

it 

18 

29 6 

35 

10 32 

7 

86 

33 

80 25 107 

40 

30 

6 

33 

4 

43 

19 

i( 

19 

34 9 

32 

5 34 

8 

57 

13 

66 21 

63 

19 

37 

10 

36 

4 

46 


it 

20 

46 13 

58 

21 45 

II 

66 

19 

70 13 

77 

16 

41 

13 

38 

14 

48 

10 

a 

21 

29 3 

30 

3 37 

9 

73 

25 

69 9 

77 

25 

27 

3 

28 

3 

35 

6 

it 

22 

36 10 

33 

8 37 

9 

74 

19 

75 10 

83 

17 

36 

9 

26 

4*30 

8 

a 

23 

29 3 

31 

6 26 

4 

64 

26 

00 

75 

13 

24 

3 

25 

4 

25 

4 












Entire movement. 







Upward rest. 





Tap- 

p.e. 

p.e. 





A 

p.e. 

B 

p.e. 

C 

p.e. 



time 

in®’ 


as % 





267 

94 

272 

98 


231 

70 



436 

103 


24 





153 

56 

169 

64 


175 

67 



3*2 

73 


23 





138 

60 

98 

40 


147 

69 



296 

74 


25 





171 

99 

150 

62 


135 

52 



284 

68 


24 





112 

44 

102 

45 


134 

54 



281 

61 


22 





109 

49 

138 

58 


153 

65 



273 

62 


23 





157 

62 

97 

31 


IC9 

45 



275 

68 


25 





105 

43 

93 

37 


120 

53 



241 

54 


22 





8[ 

22 

76 

25 


83 

21 



221 

36 


16 





99 

29 

73 

22 


71 

18 



212 

35 


17 




Unit of measurement, !«■ =o.cX)i*. 

The probable error of a determination varies from ± 2}^ to ± O-S®”. 

A, the daily average of the first 30 taps. 

B, “ “ “ “ “ following 20 taps. 

C, “ “ “ “ “ remainder. 

p.e., probable error. 

The most noticeable effect of practice consisted in the change of the 
probable erjwr of the upward rest, which decreased after ten days* practice 
from 94*^ to 29*^ for the first 30 taps; for next 20 taps from 98*^ to 
22^ \ and after first 50 taps, from 70'" to 18*^. Likewise, the movement 
upward shows a greater gain in regularity than the movement downward ; 
it decreased in section A., from 38*^ to 3*^; in section B., from 40^^ 
to 4*^; and in section C., from to 4*^. The conclusion to be drawn 
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Fig. 10. 

X, serial number of tap. 

F, tap time in thousandths of a second. 
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effort, they were more irregular in the beginning ; and as the movement 
came to be controlled by the automatic centers, the influence of practice 
was more manifest in these two phases of the toe’s movement. Conse- 
quently we conclude that in beating time that phase of the movefnent 
whicfi causes the greatest irregularity consists in the change of the motion 
upward to the motion downward. 

The daily average tapping time. Table X. , shows a decrease of the 
probable* ^rror from 103*^ to 35*^. Moreover, when the error is expressed 
as a percentage of the tapping time, it shows that. the increase in regu- 
larity was larger than the gain in speed, for the relative gain decreased 
from 24% to 17%. 

The average daily increase in speed, according to the formula given on 
page 61, was determined, with the following results: 169, 62, 40, 33, 
37 > 39> So> 25, (f. This expressed as percentages gives: 39, 19, 14, 
12, 13, 14, 18, 10, 5%. These figures show that the first day’s practice 
resulted in the largest gain, which, however, rapidly decreased •as the 
practice was continued from day to day^ They moreover show that in 
simple movements, as in tapping, the effect of practice is greater in pro- 
portion to the undeveloped state of the muscles. 

Physiological effects of practice , . 

The differences in the fluctuations in the curves of Fig. 10 show the in- 
fluence of practice. The A curve is the practice curve of the last experi- 
ment ; B, that of the second experiment. 

These curves show how the periods of slight paralysis varied during the 
two experiments. In curve B the variations follow each other in rapid 
succession. In curve A they are not so frequent and the recovery is 
much more rapid. The fluctuations, though larger throughout the series 
of curve B, increase in amplitude and frequency toward the close of the 
experiment. In curve A . the fluctuations are not so pronounced in the 
•second half even as in the first half. Hence the most prominent physi- 
ological effect of practice is to delay the arrival of entire paralysis of the 
muscles and the reduction of fluctuations in the practice curve. This de- 
pends, however, to a large extent on the nervous condition of the subject, 
for on some of the intervening days absolute paralysis of the muscles oc- 
curred beford the i2Sth tap. 

At the beginning of the series of experiments intense pain was felt in 
the calf of the leg after a short period of practice. As exercise continued, 
the pain became sympathetically induced also in the calf of the other leg. 

The coming on of fatigue was characterized by the following stages : 
(i) a feeling of strain throughout the tendon above the heel \ (2) slight 
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pain in the calf of the left, or exercised, leg; (3) pain was felt in the 
muscles controlling the upward flexion of the toe ; (4) paralysis grad- 
ually spread over the whole of that lieg while the pain continued to in- 
creafoe in the above mentioned muscles ; (5) the pain was finally felt in the 
calf of the right leg. On the fourth day the pain did not recur in tile calf 
of the leg but was felt in the tendon immediately over the second joint of 
the toe ; but before the close of the experiments it had ceased altogether. 

Likewise, in a series of dumbbell exercises wherein I acted^ sts subject, 
on first to fourth days inclusive the pain was so intens^ that I was able to 
exercise only a short time, but after the fourth day I was able to raise 
one dumbbell over 1000 times without experiencing any actual pain, the 
only noticeable effect being considerable fatigue. 

Throughout all the experiments, I noticed that on some days there was 
a tendency to decrease the speed from the very start, while on others 
there was at first a period of acceleration for a limited time before the 
decrease began. I consequently performed some experiments upon my- 
self in order to determine whether this was connected with the rate of 
the heart-beat. The experiments were made in tapping with the toe 
and in the exercises with the dumbbells. Although the tests were not 
entirely conclusive yet in a general way I found that there was at least 
some relation between them. When the movements were as rapid as 
possible there was a decrease in the heart’s action. 1 also observed that 
Avhen the nervous system was in a relaxed state there was a rapid increase 
in the pulse beat in the early part of the exercise, the pulse becoming 
full and firm. Accompanying this there was an increase in the rate of 
voluntary activity. 

The fluctuations in the practice curves may be due to the following 
causes : (i) fluctuations of the attention caused simply by the lack of ef- 
fort on the part of the subject ; (2) local paralysis of the centers govern- 
ing the muscles brought on by exercise; (3) mental paralytic strokes 
causing fluctuations which are generally ascribed to mere fluctuations of 
attention; (4) general physiological fatigue of the whole body; (5) 
general mental fatigue. 

The above conditions are ever changing, for the physiological effects of 
practice and exercise depend upon the supply of energizing material 
stored up in the muscular tissue, the supply of oxygen to thfe blood, tem- 
perature, etc. The mental condition is, moreover, mofe or less depen- 
dent on the physiological condition. 

General mental fatigue was distinguished from general muscular fa- 
tigue by the feeling that resulted after a period of violent exercise. The 
muscles of the subject sometimes became fatigued almost to the de- 
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gree of paralysis, but no special mental effects were felt. On one day 
after the subject had been engaged with some difficult computations, the 
change of exercise seemed at first to be a relief, but in a few seconds it 
became quite difficult for him to control his attention. Though the rate 
of tapping on that day was as rapid as on any preceding day, yet the 
mental fatigue was much greater. 

A distinction can be made between mental and muscular fatigue by the 
fact that |he coming on of mental fatigue is spasmodic and irregular. An 
aberration of the attention marks the initial stage of mental fatigue. This 
soon passes over into a stage which materially effects the regularity of the 
muscular action.^ No such irregularities characterize muscular fatigue which 
is governed by physical laws controlling the breaking down of nuiscular 
tissue and the dissemination of waste products/^ Mental fatigue, how- 
ever, is subject to the effects resulting from fixation of the attention and 
thus partakes of all its fluctuations and irregularities. 

Effects of practice on muscular action, 

1. Practice causes increased circulation, furnishing thereby a large supply 
of food materials to the muscles, and more rapid dissemination of waste 
products. Thus the muscles are able to store up energy and give it out 
more readily on demand. But the storing of energy is not all. For ex- 
ample, gymnastic exercise has a higher purpose in view than to bring the 
body merely to that state of perfection found in the case of the common 
laborer. The development of muscular tissue must be supplemented by 
an education of the nervous centers in order that they may respond pre- 
cisely to acts of will. Indeed, the increase of muscular tissue may be 
looked upon as merely an accidental accompaniment to that mental process; 
which begins by constant fixation of the attention and ends, even where 
the achievement is most complicated, in automatic and subconscious con- 
trol of the muscular movements. 

2. The time before the coming on of mental and muscular fatigue de- 
pends upon the amount of muscular energy and upon the concentration 
of the attention, both of which are greatly influenced by practice. 

3. When for any set of actions the development of the centers has 
reached an automatic condition, the maximum rate of either mental or mus- 
cular rapidity is not reached in the first few seconds of the exercise be- 
cause a chain of actions cannot be remembered by any act of will but 
requires the exercise of the muscles themselves to reestablish the chain of 
subconscious reflexes. 

^Moork, Stuiiei of fatigue^ Stud. Yale Psych. Lab., 1895 III 89. 

^Lombard, in the American Text-book of Physiology, iii, Philadelphia 1897. 
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4. The duration of maximum rapidity is dependent upon the power 
Df the mind for sustained attention. As soon as the attention is diverted 
:he movement comes into the control of the automatic centers. The 
5pee4. is consequently decreased, for only by a special effort is speed, either 
nuscular or mental, increased above the limit acquired by habit. ‘ The 
itmost speed can be maintained only for a few seconds at a time at first, 
3ut the period may be lengthened by practice. Hence the fluctuations 
n the practice curve are generally due to slight mental fatipise. Al- 
:hough the subject recovers very rapidly at first, yet as'the exercise con- 
:inues the fluctuations recur more frequently and the periods of recovery 
ire lengthened. 

5. Another very important element connected with the duration of one’s 
ibility for continuing the exercise, is his knowledge of the time that the 
exercise is to last. If the exercise is to last only a short time, greater 
iffort will be put forth in that period than when the exercise is to con- 
:inue an hour or more. In long periods of exercise the subject will un- 
ronsciously measure out the energy in proportion to the duration of the 
practice period. For instance, in the experiments made by Oehrn’ in 
nemorizing syllables, in making successive additions, and in counting 
etters in groups of threes wherein the exercise was continued from one to 
:wo hours, the maximum was reached only in the first instance after 24 
ninutes, in the second after 28, and in the third after 59. Contrasted with 
)ur experiments, his results show that the maximum point depends upon 
:he effort put forth in the beginning of the experiment. The results that 
[ obtained point to the fact that if Oehrn had shortened the practice 
period, the maximum point would not only have been reached in about 
)ne tenth of the time, but the progress no doubt would have been greater. 

Nor does the maximum rate of voluntary movement depend upon an 
ni^te sense of rhythm as Schaefer* implies but is, as Camerer® states, 
)ne of constant acceleration until the setting in of mental fatigue. In- 
stead of a rhythmical fluctuation in the voluntary effort, maintained by 
iome investigators, I found no remarkable regularity and am led to con- 
lider it as dependent upon several psycho-physiological processes too 
:omplicated to have a regular period of oscillation. 

6. Practice does not always mean an absolute gain in efficiency ; it may 

* Oehkn, Experimentelle Studien zur Individ ualpsychologie^ Psychq^ogische Arbeiten 
[Kraepelin), 1896 I 92. 

* Schaefer, ‘Canney and Tunstall, On the rhythm of muscular response to voli- 
tional impulses in man^ Jour. Physiol., 1886 VII 96. 

^Camerer, Versuche fiber den zeitlichen Verlauf d. Willensbeiuegung, 41-45, Ttlbin- 
^en 1866. 
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even produce negative results. It is generally taken to signify improve- 
ment ; but observation and the results of experiments discussed in pre- 
ceding pages, show that, when either muscular rapidity or regulated 
movement is required, practice may be even detrinjental to developfuent. 
Every action leaves its trace on the nervous matter ; every effort put 
forth tends to establish itself so that acts immediately succeeding it follow 
as a matter of inertia. If the effort put forth is small and the action slow, 
habit then establishes itself for that mode of action. The law of the growth 
into habitual autbmatic control takes into account every activity. If a 
higher s^Deed of activity or a regulated movement or a certain readiness in 
mental grasp is desired, then every thoughtless action tends to establish 
itself and delays attainment to the desired standard of efficiency. 

It requires the same effort to overcome the condition occasioned by 
bad effects of practice as it does to establish a new mode of functioning. 
Hence energy is wasted when the practice is not thoughtfully di- 
rected. Therefore, we conclude that not only is that part of practice 
efficient for growth in regulated movement, in speed of muscular adjust- 
ment, or in quickness of mental grasp, which is accompanied by con- 
scious effort, but the unconscious adjustments also have their effects and 
should be directed properly. 

7. The feeling of satisfaction or of having attained one’s limit is an- 
other not less important element in the development of rapidity in either 
mental or muscular activity. Every advancement either in mental quick- 
ness^ or muscular activity requires a certain effort, depending on the 
stage of development already attained. The greater the speed and the 
smaller the probable error, the less the gain becomes for the same ex- 
penditure of energy. As this developed state is approached, a i)erson 
feels that his efforts are not sufficiently rewarded, and finally there comes 
a period when he feels that he has reached the limit of his development. 
In fact, this constitutes the difference between the novice and the expert. 
The “plateaus” mentioned by Bryan * in the habit curve would seem 
rather to indicate resting periods in the effort. If the subject can be in- 
duced to sustain the same effort day by day, there would not be any 
“ plateaus ” in the habit curve. 

If this law be expressed by the general equation y = /(jr), where 
y indicated the amount of gain by practice, we must regard 
as containing •constant elements of (i) time, (2) complexity of 

^ Am BERG, Ueber den Einfluss von ' Arbeitspausen auf diegeistige Leistungsfdhigkeit^ 
Psychologische Arbeiten (Kraepelin), 1896 I 30. 

*Bryan, Studies in the physiology and psychology of telegraphic lan^uage^ Psych. 
Review, 1897 TV 27. 
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the movements, (3) the number of muscles undergoing training, and (4) 
the growth of automatic control. The last may be resolved into various 
personal factors such as mental grasp, endurance for sustained effort, and 
the vividness of the impression. According to this principle, then, the 
growth of intellectual habits should be more rapid with those who possess 
the strongest intellectual powers, since, by their power of holding the 
attention, they succeed in getting the same impression repeated ofteher 
in the chain of reactions. If with intellectual power there is combined 
strong individuality, or perhaps more properly speakittg a strong will; 
such persons possess superior ability after breaking down one habit and 
reforming another. 

IV. Estimation of time. 

The apparatus consisted of a kymograph, to which was attached the 
Wundt time-sense apparatus with the Meumann star-contacts by means 
of which adjustments could be made so as to give any interval of time 
desired. The arrangement of the apparatus was the same as that de- 
scribed in these Studies.^ The sound of the 100 v. d. fork was con- 
veyed to the subject in the quiet room by means of a telephone receiver. 
The sound to be estimated came first. After an instantaneous interrup- 
tion the sound began again. When the subject thought that it had 
lasted as long after the interruption as before it, he pressed a key which 
recorded a spark on the drum of the kymograph. The contacts were so 
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Fig. II. 

arranged that an experiment occupied the first part of every period of i8*, 
the remainder of the period serving for rest. This was intended to avoid 
as far as possible any influence of fatigue. A series of such records is given 

"Scripture, Elementary course in psychological measurements^ Stud. Yale Psych. 
Lab., 1896 IV 127. 
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in Fig. II. A represents the beginning of the tone; By the point where 
it was interrupted ; and C, the point where the interval of time from B 
to C was equal to that from A to B. The dots represent the first ten 
estiipates of loo^ by the subjects A.F., R.E. and H.J. on the first-day ; 
the group at the top of the figure being the ^estimates for A.F., the sec- 
ond those for R.E. and that at the bottom those for H.J. This may be 
said to represent in a general way the ability of different individuals to 
judge intervals of time without practice. 

A number of preliminary experiments demonstrated the fact already 
established by a number of investigators that the time-judgment varied 
considerably for the same interval with different individuals and with the 
same individual for different intervals. Attempts have been made to es- 
tablish a definite interval as that which can be estimated with the smallest 
amount of error, but the point has varied with each investigator. 

The three intervals, 82^, loo^ and 164^, were selected because they 
covered the field of most accurate estimates according to the results ob- 
tained by previous investigators. 

Those who served as subjects for the experiments were W.J. (Jump), 
R.E. (Evans), E.F. (Furguson) and B.B. (Brown), students in the 
Theological Seminary; A.F. (Fisher) and C.S. (Smith), steward and 
mechanic of the Psychological Laboratory. 

Daily average estimates. 

The average estimates for successive days are given in Table XL, and 
are graphically represented in Figs. 12, 13 and 14. 

Every precaution was taken to prevent the subjects from counting or 
moving any part of the body by which they might measure off the time 
through muscular energy, the object being to ascertain whether a person 
has an actual time-sense regardless of any form of muscular activity or 
mental calculation. 

An inspection of the results for A. F. shows that there was a constant 
decrease in the time estimate from day to day. Beginning with 88- on 
the first day, he gradually reduced the estimate during 16 days’ practice 
to 55^, which is but little more than one-half of the time to be estimated. 
The same facts were brought out in the case of R. E., whose average esti- 
mate of 100^ was on the first day 159^ , and 102^ on the eighth day. This 
shows a decrease of about one-half in the average estimate. H. J. in- 
creased his average for the first day, 99^, until the third day when he 
reached his maximum point, 116^, after which the estimate decreased until 
next to the last day. The very large estimate, 137^, on the last day, no 
doubt, was due to nervousness. The record for this day should not be 
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Taijle XI. 

Average estimates on successive days. 




A. E. 



R. E 


H.J. 



Date 

Esti- 



Date Esti- 

Esti- 





1898. 

mate 

on 

p. e. 

p. e. 
as 

1898. mate 

p. e. 
on ^ 

P* mate 
on 

p. e. 

p. e, 
as 




ioo2 


% 


I002 

% ioo2 


/ 



XI-26 

88 

1.4 

1-7 

XII- 

15 159 1-5 

0.9 99 

1.4 

1.4 



27 

.91 

1.7 

1-9 


16 130 1.6 

1.2 103 

1.6 

1.5 



28 

73 

1. 1 

1.5 


17 138 1.8 

1.3 116 

i.i 

I.O 



30 

88 

1.4 

1.7 


18 118 1.3 

i.i 114 

I.I 

I.O 



Xll-i 

74 

1.6 

2.2 


19 114 1. 1 

I.O 1 14 

1.5 

1-3 



2 

73 

1-5 

2.0 


20 117 1. 1 

I.O 109 

1.2 

I.I 



3 

58 

1-3 

2.2 


21 107 0.9 

CO 

d 

I.O 

I.O 



4 

54 

1.7 

31 


22 102 0.8 

08 137 

2.3 

1.7 



5 

53 

1.2 

2-3 








6 

58 

0.8 

1.4 








7 

61 

I.O 

1.6 








8 

53 

1.3 

2.5 








9 

55 

0.8 

1.5 








10 

58 

1. 1 

1-9 








II 

55 

I.O 

1.8 








12 

55 

1.2 

2.2 










IJ. B. 



E. F. 

A. K. 


C. S. 


Date 

Esti- 



Esti- 

Esti- 


Esti- 



1898. 

mate 


p. e. 

mate P-^* 

mate 

p. e. 

mate 


p. e. 

on 

p. e. 

as 

on 

p. e. as 

on P-"- 

as 

on 

p. e. 

ns 


822 


yo 

822 


1642 

% 

1642 


'/o 

1-26 

97 

1. 1 

1. 1 

73 

1.5 2.0 

91 6.5 

7.1 

147 

3.3 

2.2 

27 

99 

1. 1 

1. 1 

70 

I.O 1.4 

99 2.3 

2.3 

157 

2.0 

1.3 

28 

102 

1.8 

1.8 

69 

0,9 1.4 

105 2.5 

2.4 

164 

2.6 

1.6 

29 

113 

1-7 

1.5 

82 

1.5 1.8 

119 2.2 

1.8 

162 

2.1 

1-3 

31 

I12 

1.6 

1.4 

80 

I. I 1.4 

118 2.5 

2.1 

167 

2.2 

1-3 

11- I 

”3 

1.5 

1-3 

82 

0.9 1. 1 

157 2-8 

1.6 

166 

3-9 

2.3 

2 

1 15 

0.8 

0.7 

80 

1.5 1.9 

154 2.4 

1.6 

180 

2.5 

1-3 

3 

107 

1-5 

1.4 

92 

1.8 2.0 

155 3-4 

2.2 

207 

2.8 

1.4 

4 

lOI 

1-3 

1-3 

99 

1.2 1.2 

169 2.8 

1.6 

175 

2.7 

1-5 

5 

116 

1.3 

1. 1 

99 

1.4 1.4 

150 3-1 

2.1 

205 

2.7 

1-3 

6 

118 

1.5 

1-3 

87 

1.8 2.1 

159 3.5 

2.2 

190 

2.4* 

1.3 


Unit of/neasurement, i2 = o.oi'». 

Number of estimates on each day, 30 to 50. 

The probable error of a determination varies from dz 10®^ to ± 2®" . 
p. e. , probable error of each estimate from the average. 
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considered in making up our deductions to be drawn from the results, for 
the subject was in a very nervous state when the experiment was made. I 
included the record in the table only to contrast the difference between 
the nervous and tranquil frame of mind in respect to the estini^ite of 
time*. 



^V, upper line, serial number of tlay. 

-V, lower line, days of previous practice, 
i ', estimate of an interval of icx)2. 


In the cases of B. B. and E. F., Table XL, wl\ere 82^ was the interval 
given, we notice that with each of these subjects, the time estimate was 
continually lengthened as practice continued. B. B. began with an aver- 
age estimate of 97^ on the first day, which was larger than the interval to 
be estimated and continued to increase the interval throughout the series 
of experiments. E. F. followed the same course, but he began with an 
average estimate of 7 3^ on the first day, which increased daily, until his 
estimate exceeded the correct amount by 15^. Hence there was with 
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E. F. a total increase of 24^ in his estimate, and with B. B. 21-. These 
Amounts divided by the number of days ( 1 1 ), would give an increase of over 
2^ per day. I^ikewise A. F. decreased his average daily estimate by 33- in 
16 days, a daily decrease of 2^ per day. R. E. decreased his esfimate 
57^ in eight days, a decrease of 7- per day. The correcting process pres- 
ent: in the case of H. J., no doubt, caused the irregularities in his habit 
curve, for the subject was aware of the tendency to underestimate long 
intervals ^nd to overestimate short intervals.* Consequently he continually 
corrected himsell*. But even in his case, we notice that after the third 
day’s practice there was a tendency to shorten the interval. 

When 164^ was estimated, the same facts were found to exist. How- 
ever, it should be noted that where A. F. decreased his estimate when 
100^ was the given interval, he increased it from 91- to 159- (the highest 
point being 169^, 9th day) in estimating the 164- interval; C. S., like- 
wise, increased his estimate of 164-, approximately 4- per day. 

When the 100^ interval was estimated, all may be said to have de- 
. creased their estimates of its duration by practice, varying in amount with 
each individual. Moreover, each had a different conception of its duration 
in the very beginning of the experiments, ranging from 88- to 159-. When 
82- and 164- were the intervals estimated all the subjects increased their 
estimates of it by practice. The estimates of 82^ on the first day were 
97^ and 73-. Of 164-, the estimates were 91^ and 147-. 

In lable XI. arc given the probable errors for each day’s estimate. In 
the third column the probable error is expressed as a percentage of the 
estimate. Though there was a decrease in the absolute probable error 
with each of the subjects, yet when it is expressed as a percentage there 
was only one case, C. S., in which the relative probable error decreased 
more rapidly than the average estimate decreased or increased as the case 
may be from day to day. This fact demonstrates that the changes in 
the daily average estimates were not due to fatigue. If the effects of 
fatigue had been more prominent in the early part of the series than in 
the latter part then there would have been a decrease in the percentage 
of error. But there was little cause for fatigue, since the subject was re- 
quired to make only one judgment every 18 seconds. 

The facts brought out in these experiments are important as throwing 
some light on the various “indifference points” obtained by different 
investigators. The estimate is a personal factor which varies with each 
person and with the same person at different periods of practice. To 
make a test of this point, after the the close of the series I changed the 
interval of 100^ to 75^ and gave A. F. a few tests. The results were; 50, 
49 > 49 > S9> 3^, 43 > 47 , 39, 53 , 35 , 39 , 33 , 49 , 5 ^, 3^, 43 , 33 , 
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36 (ave. 43-; p. e., 4-). These figures, however, may have been in- 
fluenced by practice on the 100^ ; the large probable error would seem 
to indicate it. 

Th6 above figures, as well as the changes in the time estimate due to 
practice. Table XL, would seem to indicate that the interval which we 
judge with maximum accuracy is a changeable one, depending upon the 
amount of previous practice. Nor does it seem that our ** time -sense,*' 
when unaided by some form of muscular action, is sharpened by pfactice ; 
on the other hand it may become less accurate. Without doubt, if 
some additional basis were allowed, as in counting or moving of the 
hand, practice would undoubtedly produce good results, in which in- 
stance it becomes a measure of muscular strain when carried into overt 
acts, or of strain of the attention when only the impulse is felt. The 
differences then in the time estimate of different individuals depend 
partly upon their nature, whether impetuous and nervous or temperate 
and deliberate ; partly upon the direction of the attention. 

While the nervous temperament may account for the difference in time 
estimate of different individuals, it does not explain the variations in 
estimate day by day. For instance, in the case of A. F. (the only sub- 
ject practiced on two different periods) the case is reversed in the two 
estimates. He not only underestimated the 100^ at the very beginning 
of the series of experiments but continued to reduce the estimate through- 
out the whole series. On the other hand, in estimating 164^ his under- 
estimate was larger in the beginning of the series than at its close. Con- 
sequently it may be inferred that the change in the estimates of the two 
periods was not due so much to the nervous temperament of the person 
as to the conception of the length of the interval which he entertained 
at the beginning of the series of experiments. 

Summary, 

1. The estimate of a given interval varies for different individuals both 
with and without practice. 

2. The estimate varies for different intervals with the same person 
both with and without practice. 

3. Practice on the same interval may cause the variation from the given 
interval to increase with one person and decrease with anotSier. Or it 
may cause the variation from the 'given interval to increase with one in- 
terval and decrease with another interval. 

4. Time estimate is a personal factor depending upon (a) the nature 
of the person whether of an impulsive or quiet temperament ; (b) upon 
the point of the fixation of the attention whether to the sensory qj to the 
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motor side ; (c) upon the acuteness of the sense of the person to strains 
accompanying the fixation of the attention and muscular tension. 

5. The change that practice produces in the estimation of time is 
probably due to fixing the attention in the beginning of the serfes of 
experiments : (a) to the movement to be performed, in which case the 
time estimate is shortened in accordance with the growth of automatic 
control ; (b) upon the sensory side in which case the time estimate is 
made loAger ; (c) on the idea which the subject entertains of the in- 
terval on beginning the experiment — if he considers it very short, 
he will at first underestimate it and will increase the time estimate 
by practice ; on the other hand, if he considers it very long he may 
shorten it by practice. 

6. Our sense of time may not be sharpened by practice ; on the con- 
trary, it may become less accurate. 

7. There is no “ indifference point ** from which the subject does not 
vary with long continued practice. 

8. The overestiniation of small intervals may also be due to the fact 
that the subject does not take into consideration his reaction time. The 
underestimation of longer intervals may also be due to the fact that the 
impulse to react keeps ripening and soon reaches such a degree of in- 
tensity that the subject cannot withhold the reaction. 

V. Regulated rhythmical action. 

Apparatus, 

By regulated rhythm we understand such actions as beating with a sig- 
nal. The sound which guided the subjects in beating time was produced 
by a telegraph sounder, arranged in series with a make contact on a revol- 
^ ving drum. At a point on one of the upright standards supporting the 
drum a spring was attached. 'Fo the drum a small projecting arm was 
• attached. When this arm moved round to the spring attached to the 
standard supporting the drum, it pressed a lever down, thus closing the 
circuit through the telegraph sounder, and thereby producing a click in 
the sounder. Consequently, the time elapsing between successive clicks 
of the sounder depended upon the speed at which the drum was revolved ; 
the regularitj^ in the frequency of the sounds depended upon the regu- 
larity in the speed of the drum. 

The drum was run by a small motor to which it was attached by a 
thread belt. The motor was run by a current produced by three Edison - 
Lalande batteries, regulated by introducing a resistance of small German- 
silver wye. In this way the speed of the motor could be adjusted with 



92 


W. Smythe Johnson^ 


great accuracy.^ This method of producing sounds at regular intervals 
required a motor and drum of great regularity. A careful investigation 
was, therefore, made on several kinds of drums and recording arrange- 
ments. 

t. phonograph. The metal cylinder of the phonograph may 

frequently be used as a recording drum. Three tests at different speeds 
were made on the form known as the Home Phonograph. At 267.5““ 
per second, the probable error was 1.85““, or 0.7%; at a* speed of 
174.2““ per second, it was 0.42““, or 0.2%; at a speed of 354.3"*“ 
per second, it was 0.84““, or 0.2%. The drum is thus a very regular 
one. The small size of the drum is inconvenient, but the works are so 
strong that they might be used in running a much larger drum. 

2. Ludwig kymograph made by Baltzar. At the slowest speed, o. 47““ 
per second, the probable error was 0.008 or 2% ; at a speed of 0.9"'“, 
the probable error was o.oi““, or 1.0% ; at 28. 9”"", the probable error 
was 0.14““, or o, 2 ^/o ] at 254.2““, probable error was 1.64““, or 0.6%. 
I observed that at the slower speeds one is likely to keep the spring 
wound up too tightly, in which case the probable error is increased. 
Even one -half turn of the handle which winds the spring will produce 
considerable variation in its speed. 

3. Edison motor run by Edison-T.alande batteries. Four tests were 
made at different speeds and on different dates. Three cells, arranged 
in series, were used to run the motor. A thread from the motor ran the 
regular recording drum. The first test was made when the cells were 
fresh. At the high speed of 1037.7““ per second (over two revolutions 
per second), the probable error was 0.3%. 

The next test was made nine days later ; the cells had been in con- 
stant use in the meantime. The same arrangements were used, but a 
slower speed was tried. At 159.3““ per second, the probable error was 
0.12%. Ten days later another test was made at a speed of 265.5““ 
second, the probable error was 0.08%. In another ten days a test was 
made at a speed of 150.5™“, the probable error was 0.13%. 

These tests show that an Edison motor run by the Edison-Lat.ande 
batteries properly arranged, is a very regular source of power. It should 
be stated that the cells must work for several minutes before ^they become 
constant. In no case was I able to get a favorable record until the cells 
had been working at least five minutes. The above tests were made 
after the cells had been working ten minutes or more. 


1 The remainder of the apparatus used was identical with that described in Scripture, 
Eleinentary course in psychological measurements^ Stud. Yale Psych. Lab., 1896 IV 121. 
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4. Latent time and regiilhrity of the Pfeil marker, 

( 1 ) Break contact. When the break contact was used and the mag- 
netic cores were removed as far as possible from the armature to which 
the metallic point of the marker was attached, the latent time was/ound 
to bd with a probable error of 0.09'^. The current was not strong 
enough to force the armature to react promptly ; hence the large 
probable error. When the cores were placed in close contact with the 
armature, the remanent magnetism was so strong that it caused the latent 
time to be considerably lengthened, namely to 14.7*^; but the probable 
error w^ reduced to 0.03*^. 

(2) Make contact. When the cores were distant, the latent time was 
1.8®^, with a probable error of 0.12®’. With the cores close up to the 
armature, the latent time was reduced to 1.3*^, with a probable error of 

0.5^ 

If one desires the smallest probable error possible, then the adjustment 
with the cores close up to the armature on the make contact ^ and with 
them distant on the break contact is the most favorable. Several tests 
were made on intermediate amplitudes of movement of the armature, 
with the result that the latent time varied approximately with the dis- 
tance of the cores from the armature, and the probable error inversely 
with the distance. 

5. Latent time and regularity of the Deprez marker. The results of the 
test on the make contact showed the latent time to be 2.5®’, with a prob- 
able error of 0.64*^. The latent time in the case of the break contact 
with the same adjustment as above was 3.8*^, with a ])robable error of 
0.07®’. Owing to the delicacy of the instrument, changes in the ampli- 
tude of the armature did not affect the latent time so much as they did in 
the case of the Pfeil marker. It did, however, vary somewhat with the 
strength of the current i)assed through it, the latent time increasing with 
the strength of the current. 

6. Regularity of the spark record. The probable error of spark records 
under the usual conditions at the Yale Laboratory is 0.25""". With the 
same apparatus and the same kind of paper the above amount is constant 
whether the drum is still or in motion. Consequently the amount that it 
will vitiate the record depends upon the speed of the drum. With a fast 
drum it is negligible ; with a slow drum it must be taken into consider- 
ation. In these records the sharp metal point of the marker was so bent 
that it stood perpendicular to the surface of the drum. If it is placed 
at an acute angle to the surface of the drum, the error is largely increased. 
When thus placed the spark often-times leaps off at the side rather than 
at the end of the pointer. The thinnest glazed paper is used. 
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7. Noiseless key. For these experiments a noiseless key was necessary 
because it was found that, while beating time, the subject would quite as 
often be guided by the sound produced by the key which he jused as by the 
soun^ coming from the telegraph sounder. After various attempts to get 
a noiseless key, that which was found best adapted to the purpose of our 
experiments consisted of a small band of pendulum -wire soldered to a pipce 
of brass which was fastened in a handle. The band rested against a platinum 
point so that when it was moved the circuit was interrupted, * An in- 
sulated wire from one pole of the battery was connectedVith the platinum 
point through the handle, while the band was connected v/ith the 
other pole. A soft substance for the finger to strike against in beating 
time was fastened over the end of the band. By this method we were 
able to do away with the guidance which the sound from an ordinary 
telegraph key gave to the ear in directing the beats. Consequently it 
was necessary for the subject to direct his attention more to the muscular 
feeling than to the coincidence or the variance between two sounds as 
would have been the case had a sounding key been used. 

The experiments were made on I. M. (Ishiro Miyake), A. F. (A. 
Fisher), and W. J. (W. Johnson). The time interval was one second. 

Experiments, 

A number of preliminary tests on different persons showed a uniform 
tendency to anticipate the signal made by the telegraph sounder with this 
form of key, whereas with a sounding key the reverse was quite as often 

Table XII. 

Daily averages. 



L 

M 

A. 

F 

W. J. 


Date 1898. 

Constant 

Probable 

Con.stant 

Probable 

Constant Probable 

Nov. 

error. 

error. 

error. 

error. 

error. 

error. 

14 

— 118 

39 

— 158 

44 

— 159 

36 

15 

-- 136 

35 

— 69 

37 

-148 

29 

iS 

— 40 

30 

— 80 

42 

— 150 

22 

19 

-f I 

66 

-f 27 

26 

— 15 

39 

20 

— 4 

29 

+ 65 

48 

— 24 

17 

21 

+ 12 

28 

— 4 

39 

— 2\ 

20 

22 

-f *4 

31 

+ 10 

31 

— 37 

IS 


Unit of measurement, i^ = o.ooi*. 

Number of beats at each experiment, 40. 

The sign — indicates that the subject beat before Ihe signal was heard ; -f , that he 
beat after the signal was heard. 

The probable error of a determination varies from ±4®" to ±: 9«' . 
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true. A series of such results with a sounding key has been previously 
published in these studies.' 

Likewise the results with the noiseless key given in Table XII. 
show that all the subjects anticipated the signal, not only on the first? day, 
but also during the first three days in the cases of I. M. and A. F., 
while W. J. anticipated the signal throughout the series of experiments. 

In each case the anticipation of the signal decreased until, in the latter 
part of the series, two of the subjects waited until they heard the signal 
before beating. The figures given in the table each represent the averages 
of 40 beats. The constant error was derived by adding all the + and 
— errors in each experiment, taking their difference and dividing by 
the number of experiments.^ 

Conclusions, 

The probable error for each of the subjects was in the beginning of the 
series of experiments much less than the constant error. This shows that 
the tendency of the subject at first was to be governed by the muscular 
rhythms or his own most natural rate of rhythmical movement. With 
practice, however, he learned to accommodate the muscular rhythm to 
the time interval of the signal. However, the diverting of the attention 
to the signal prevented the rapid decrease of the probable error as was 
observed in all the other experiments. 'Fhc psychological order of de- 
velopment in all regulated rhythjnical movements is (a) the change from 
the ordinary rate of muscular action to that of the given rate, and (b) 
then, the decrease of the probable error. 

VI. Free rhythmical action. 

The apparatus consisted of a revolving drum on the smoked surface of 
which the metal point of a Deprez marker wrote. The spark method was 
used. Wires from a battery of 4 amperes were connected with the 
mercury cups of a Kronecker interrupter. As the vibrating arm of the 
interrupter dipped down into the mercury, it closed the circuit through 
the spark coil. The arm of the interrupter was kept vibrating by a sepa- 
rate self-interrupting circuit through the magnets on either side of the 
arm. From the secondary coil of the spark coil, one wire led to the 
drum and the other was connected with the support of the Deprez 
marker so that at each make of the interrupter there was produced a 
spark on the line drawn by the point of the marker. The interrupter 
was adjusted to vibrate 10 times a second. 

J Scripture, Elementary course in psychological measurements . Stud. Yale Psych. 
I.ab., 1896 IV 123. 

* Scripture, New Psychology, 182, London 1897. 
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In order to prevent irregularities in the spark record and to keep the 
mercury from oxidizing, a stream of water was allowed to flow over the 
surface of the mercury. According to the original plan two flasks, con- 
nected by rubber tubing with the mercury cups, were filled with water 
and placed above at sufficient height to get the necessary amount of 
pressure. This, however, was replaced by a much more convenient reser- 
voir, arranged by Dr. Scripture, which was fastened to a tripod and 
placed a little above the interrupter. The reservoir was connected by 
rubber tubing with a hydrant. Two rubber tubes were' led from the base 
of the reservoir to the two mercury cups connected with the interrupter. 
Any amount of water could in this way be supplied. In the event of too 
large a supply there was a waste pipe connected wdth the reservoir which 
prevented it from overflowing. 

The Dkprk/ marker was connected with a break contact key in the 
quiet room. Each movement of the key made a break in the circuit, 
and this in turn produced a movement in the armature of the marker. As 
in the preceding section, the noiseless key was used because it was de- 
sired to ascertain the rhythm of the person when unaided by the ear. The 
key was held between bags of sand placed on the lap. No restrictions; 
were placed on the amplitude of the movement of the finger or hand in 
beating time. The subject was directed to choose his own rate of move- 
ment and was requested to retain the same speed throughout the series of 
experiments. All explanations were niade before the beginning of the 
experiments. The subjects w^ere not informed of their rate of moyement. 
In most instances the watch which the subject carried in his pocket was 
laid aside because it w^as found that the ticking of the watch caused dis- 
traction of the attention with some subjects. 

Daily averages. 

The figures given in Table XIII. show that all the subjects constantly 
decreased the interval between beats as practice was continued. Though • 
each practice lasted during the time required to make from 250^0400 
beats, only sections of each practice are given in the table. Section I. 
gives the averages of the first 40 beats ; section II. the averages of the 
next 40 beats; and section III. that portion included between the i6oth 
and 2oist beats. 

The shortening in the average time of the beat is apparent in every 
case. The shortening was probably due to the increasing ease with which 
the subject performed the experiment. His mental processes probably 
became more fluent as the result of practice. It was also noticed in 
seyeral cases that the amplitude of the movements of the hand also de- 
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Table XIII. 


Average daily thythmkal movement . 


»ate 1898. 

Name. 

P ^ 
w 

■fe 

p. e. 

p. e. 

as% 

P.E. 

5-0 

p. e. 

p. e. 

as% 

P.E. 

!eals fron 
60 to 200. 

p. e. 

p. e. 
as y/ 

P.E. 

XI — 20 

73 

32 

4.4 

0.5 

64 

3.4 


0-5 

53 

1-7 

3-2 

0-3 

21 

53 

2.4 

4-5 

0.4 

52 

2.0 

3.9 

0.3 

49 

2.1 

4.3 

0-3 

22 

46 

1-5 

3-3 

0.2 

45 

1.2 

2.7 

0.2 

45 

I.O- 

2.3 

0.2 

A. F. 23 


1-9 

4.4 

0-3 

42 

1*9 

4.5 

0-3 

45 

2 0 

4.4 

0.3 

24 

46 

1.7 

4.2 

0-3 

37 

1. 2 

32 

0.2 

33 

I.O 

31^ 

0.2 

25 

36 

1.2 

3-3 

0.2 

35 

1-3 

3-7 

0.2 

34 

2.2 

6.5 

0.4 

26 

•32 

1. 1 

3-4 

0.2 

32 

1-3 

4.0 

0.2 

32 

1. 1 

3-4 

0.2 

27 

25 

1.2 

4.8 

0.2 

25 

1. 1 

4.4 

0.2 

25 

1. 1 

4.4 

0.2 

X-25 

99 

3-1 

3-2 

0.6 

91 

3.0 

3-3 

0.5 

89 

3.4 

3-8 

0.6 

27 

73 

3.2 

4.4 

0.5 

76 

2.9 

3.8 

0.5 

71 

4.1 

5.8 

0.7 

28 

69 

2.6 

38 

0.4 

64 

2-7 

4-2 

0.4 

61 

2.2 

3 -[» 

0.4 

W. S. 29 

62 

1*9 

3-1 

0-3 

60 

1.5 

2.5 

0-3 

60 

1.7 

2.8 

0-3 

30 

63 

2.7 

4.3 

0.4 

60 

1.8 

30 

0-3 

57 

1-9 

3-3 

0-3 

XI — I 

61 

2.2 

3-6 

0.4 

60 

1.2 

2.0 

0.2 

56 

1-7 

3-0 

0.3 

2 

59 

1.5 

2.5 

0-3 

58 

I.O 

1.7 

0.2 

55 

1.6 

2 9 

0-3 

X — 21 

84 

3.1 

3-7 

0.5 

86 

2.9 

3-4 

0.5 

87 

3.3 

3-8 

0-5 

22 

56 

1.4 

2.5 

0.2 

55 

1. 1 

2.0 

0.2 

54 

1.6 

30 

0.3 


63 

1-7 

2.7 

0.3 

65 

1.7 

2.6 

03 

62 

2.0 

3-2 

0.3 

C. S. 25 

59 

1.7 

2.9 

0-3 

60 

1.4 

2.3 

0.2 

58 

1.5 

2.6 

0.3 

26 

55 

2.4 

4.4 

0.4 

54 

2.1 

3-9 

0-3 

54 

1.7 

3.2 

0.3 


54 

2.1 

3-9 

0-3 

• 53 

1-7 

3-2 

0*3 

51 

1.6 

H 

0.3 

28 

52 

1.7 

3-3 

0.3 

52 

1.2 

2.3 

0.2 

51 

1.4 

2.8 

0.2 

X ^23 

185 

4.6 

2.5 

0.7 

\U 

5-2 

3.0 

0.9 

163 


3.1 

0.8 

24 

no 

3-5 

3*2 

0.6 

4.0 

3.7 

0.7 

lOI 

6.2 

6.1 

0.9 

E. F. 25 

133 

5.5 

4.2 

0.9 

137 

3-5 

2.5 

0.6 

143 

3-7 

2.6 

0.6 

26 

122 

3-5 

2.9 

o.b 

117 

2.4 

2.1 

0.4 

123 

2.9 

2.4 

0.5 

27 

IT4 

2.5 

2.2 

0.4 

112 

2.0 

1.8 

0.3 

108 

2.5 

2-3 

0.4 

X-23 

78 

3-1 

4.0 

0.5 

75 

1-9 

2.5 

0-3 

75 

3-5 

4.7 

0.6 

24 

66 

2.5 

3-9 

0.4 

64 

i '9 

3-0 

0-3 

63 

1.6 

2-5 

0.3 

E. W. 25 

70 

2.3 

3*3 

0.4 

68 

1.7 

2.5 

0.3 

63 

2.0 

3-2 

0.3 

' 26 

64 

1.8 

2.8 

0.3 

64 

1-5 

2.4 

0-3 

60 

2.0 

3-3 

0.3 

27 

63 

1.6 

2.6 

0-3 

62 

1.2 

1-9 

0.2 

59 

1.6 

2.7 

0-3 

XI -23 

44 

3.0 

6,8 

0.5 

40 

J.8 

4-5 

0.3 

37 

1.5 

4.1 

0.2 


40 

2.0 

3*0 

0-3 

37 

I.O 

2.7 

0.2 

33 

I.O 

30 

0.2 

j- p. 25 

40 

1-5 

3-8 

0.3 

38 

1.2 

3-2 

0.2 

34 

I.O 

2.9 

0.2 

26 

37 

1.4 

3-8 

0.2 

36 

I.O 

2.8 

0.2 

33 

1-3 

4.0 

0.2 

27 

37 

0.9 

2.4 

0.2» 

35 

0.8 

2.3 

O.I 

33 

I.O 

3-0 

0.2 

X-31 

53 

3-0 

5-7 

0.5 

49 

31 

6.3 

0.5 

46 

1-9 

4.1 

0.3 

XI— I 

56 

3-8 

6.8 

0.6 

54 

2.5 

4.6 

0.4 

50 

2.8 

5.6 

0.5 

2 

54 

2.3 

4-3 

0.4 

52 

2.0 

3-9 

0-3 

46 

1-9 

4.0 

0-3 

W. J. 3 

50 

2.4 

4.8 

0.4 


1.8 

3-7 

0.3 

46 

1-9 

4.1 

0-3 

.4 

48 

1.6 

3-4 

0-3 

48 

1.2 

2-5 

0.2 

46 

1.5 

3-3 

0-3 

•5 

47 

1.2 

2.6 

0.2 

47 

I.O 

2.1 

0.2 

45 

1.6 

. 3-6 

0.3 

6 

47 

I.O 

2.1 

0.2 

46 

I.O 

2.1 

0.2 

45 

1.2 

2.7 

0.2 


The unit of measurement is i 2 = o.oi*. 

The number of experiments at each practice ranged from 250 to 400. 
The probable error of a determination varied from it 9*^ to Jz 2<^ . 
p. e., probable error of each beat from the average on that day. 

P. E., probable error of determination. 

7 
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creased ; this was probably due to the increasing ease of the muscular 
adjustments. 

The results also show for most subjects a decrease in the relative prob- 
able ^rror, but for others a nearly constant probable error. This indi- 
cates for the former class an increase in regularity. Those who did not 
improve to any extent in regularity were those who most shortened the 
average beating-time. It may be suggested that the former subjects di- 
rected their attention mainly to regularity and the latter mainly* toward 
ease of movement. According to the record all the Subjects were re- 
ported to have kept the same speed according to the directions given. 
Since their attention was fixed more closely on the regularity of the move- 
ment any shortening of the interval if it did not materially effect the 
regularity of the movement would not be noticed. 

The interval for each individual, then, varies with the development 
of automatic control. Unless the subject is directed by some external 
sound to a certain time interval, until a definite muscular movement has 
become habitual, the tendency will be to decrease the interval between 
successive beats until that stage is reached when the movement is guided 
by the natural rate of the response of the nervous system. 

In every instance, at the beginning of the series of experiments, each 
of the subjects had in mind some musical composition which guided 
him in beating time. As soon as the subject felt that he could beat time 
more regularly by being guided by the muscular feeling then the other 
was given up. When the subject thought of some musical composition 
the movement was much slower and more irregular than it was when it 
became automatic. 

Preliminary tests with a sounding key showed that when the interval 
was guided by the ear there was a tendency to emphasize certain beats 
depending upon their frequency. This, of course, was due to the fact 
that one is accustomed to emphasize certain sounds in music and speech. 

That the physiological rhythm is different from the emphasis rhythm 
is very clearly established by the results of this set of experiments. 
When the subject thought of a musical composition the movement corre- 
sponded to that which Bolton^ defined as the ‘‘ 2 -groupings.** How- 
ever, in the latter part of the series, when the movement came to be con- 
trolled by the muscular feeling, the rate of movement corresponded to 
that which he called the “ grouping by fours.** 

Our observations justify us in stating that rhythmical movement rests 
not only on the rate of breathing, heart-beat, etc., but also on other 
physiological and mental processes. It is a mental process in that the 

> Bolton, Rhythm^ Am. Jour. Psych., 1893 VI 215. 
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duration between successive beats is mentally estimated ; it is a physio- 
logical process in that the time interval can be most accurately measured 
by muscular action. 

Relative decrease of error. 

In order to see how the error was influenced by practice, the decrease 
of* the error from day to day was computed according to the formula 
given on page 6i. The results are given in Table XIV. The numerals 

Tahle XIV. 

Daily decrease of error sAown in pcrcentaj^es. 


Subject. 

Section of 
beats. 

I 

2 

.Serial number 

3 4 

of experiment. 
5 6 

7 

Ave 

A.F. 

I 

50 

37 

5 

32 

3t 

0 

— 9 

21 


II 

58 

33 

— 12 

35 

— 3 

8 

15 

19 

W.S. 

I 

24 

32 

20 

— 12 

32 

32 


21 


II 

38 

44 

49 

II 

39 

17 


33 

E.F. 

I 

18 

— 10 

45 

29 




20 


■ 11 

43 

34 

37 

16 




32 

C.S. 

1 

34 

-38 

—34 

-33 

18 

15 


—14 


II 

46 

—47 

6 

—19 

31 

30 


14 

K.W. 

I 

34 

24 

26 

II 




26 


II 

17 

23 

21 

20 




20 

l.P. 

I 

51 

37 

23 

34 




36 

j** • 

II 

44 

0 

n 

20 




20 

W.T. 

I 

32 

55 

33 

47 

31 

17 


36 

IT .J. 

II 

50 

44 

37 

41 

*7 

0 


31 


Avg. 

38 

19 

19 

17 

24 

15 . 




I and II represent the percentages f«r the first and second groups of 40 beats re- 
spectively. The percentages in this table are based on the results given in Table XIII. 

I and II, indicate respectively the first and second groups of 40 beats. 
Briefly, the percentages in that table show the average amounts of gain 
from the first, second, etc., days until the close of the series of experi- 
ments. The averages in the vertical column show that only with one 
subject, C.S, did practice produce negative results ; and this occurred 
only in the first 40 beats. In the second group of 40 beats, however, 
the average daily gain in regularity amounted to 14%. Undoubtedly 
the large variations in the first group were occasioned by the irregularities 
in the nervous condition of the subject ; it was necessary to take him at 
times when he was very busily engaged at work. 

Two general characteristics mark the results given in Table XIV. 

First. As rhythmical movement became more automatic, the percent- 
age of decrease in the probable error proportionately decreased. This 
may be seen, not only by an inspection of the records for each of the 
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subjects, but is expressed, in a general way, bjr the average ^ily percenl- 
age of decrease as given at the bottom of the table. The same thing is 
seen here as in all our previous experiments and that is that the beneficial 
effect^of practice in the reduction of the irregularities of movement is 
considerably greater in the first experiment than in any succeeding ex- 
periments. This decreases with considerable regularity as practice cqn- 
tinues from day to day. 

Second. The average daily gain in regularity of movement varies 
with each individual. The averages given in the vertical columns show 
variations ranging from — 14% to + 36%. The greater unifor«iity, as 
well as the usually larger percentages of the second group of 40 beats 
show that it requires some time before the muscles can adjust themselves 
to the steadiest and evenest action. Consequently the period of the first 
40 beats may be considered as the training period of the muscles. 

P'inally, our results show that the principal effects of practice con- 
sisted mainly in overcoming the previous effects of emphasis rhythm, 
the rhythm of speech, poetry and music. As this was overcome the 
beating- time became more rapid and at the same time more regular. 

i VII. General summary. 

The object of this investigation was to ascertain the results of practice 
on voluntary movements by repeating the same movements an equal 
number of times each day until approximately the highest degree of 
perfection attainable was reached. 

I. Triangular movement of the arm. 

The first experiment consisted in tapping continuously at the corners 
of an equilateral triangle whose sides measured 20®". The tests each day 
lasted only a short time ; they were performed from 6 to 1 1 days by seven 
persons. 

Ihe results of the experiment showed that the greatest gains in rapidity 
of triangular movements of the hand as well as in the regularity of succes- 
sive movements were made in the early part of the practice. The per- 
centage of gain in speed rapidly decreased, being 20% for the second 
day, 10% for the fifth, and 5% for the ninth day. The probable error 
was used as a measure of irregularity. The percentage of decrease in 
irregularity of successive movements was not so large in the first part of 
practice as the percentage of gain in speed ; but after the fourth day the 
percentage of decrease had grown until it exceeded the percentage of 
increase in rapidity, thus demonstrating that the psychological order of 
development in voluntary movement is (i) rapidity, and (2) regularity. 
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I The results also showed* that during each practice period the subject 
constantly increased in speed and regularity of movement until the set- 
ting in of faUgue. However, where the exercise was continued, after a 
short interval there was a renewal of the effort and the same result^ were 
observed to occur, though the period was much shorter than in the 
former case. These periods of renewal of energy were observed to 
become shorter each time until they came to effect almost every alternate 
movement. 

II. Drawing circles. 

This experiment consisted in making circles with the free arm move- 
ment. A true circle, drawn with a compass, 6o“‘" in diameter was placed 
before the subject as a copy. Preliminary tests showed that ten circles 
at one sitting gave the best general results. The tests were made on seven 
subjects, extending over six days. 

I'he results showed that with the right hand most of the subjects 
gained in smoothness of contour in their drawings both during the 
progress of each practice and from day to day; with the left hand the 
results were more irregular. 

Though all gained in the smoothness of contour of their curves, yet 
all did not make them of a size corresponding to that of the copy. 
These results brought out three types of practice : (i) that in which the 
subject decreased the size of the circle both during the progress of each 
experiment and from day to day ; (2) that in which the size of the circle 
was increased during the experiment but decreased from day to day : 
(3) that in which there was but little variation from the copy either dur- 
ing the progress of the experiment or from day to day. The first two 
classes were those who regarded more carefully the smoothness of con- 
tour of their own drawn curves than they did their correspondence in 
size to that of the copy. The third class were those who directed their 
attention more especially to the size of the curve, and who closely ob- 
served the copy each time before beginning to draw their own curves. 

The results also show^ed an important principle bearing on pedagogy : 
that a short exercise often repeated is the best method of practice for 
rapid development of accurate adjustment of the muscles. Long practice 
at writing, drawing, etc., seems to be time and energy wasted. Not only 
are inattentive habits cultivated, but every wrong adjustment gains a 
place in the chain of subconscious memories, and therefore delays the 
development of the control over the muscles for accurate adjustments. 

III. Development of control over untrained muscles and less adaptable joints. 

This experiment consisted in tapping continuously with the large toe 
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until it was completely fatigued. The make and break contacts of an 
electric key were connected with markers so that each movement of the 
key was recorded on the smoked surface of a revolving drum. In this 
way ffach phase of the toe* s movement could be measured; the phases 
were four, namely, the downward movement, the downward rest, the 
upward movement and the upward rest. 

The average tap-time of the subject studied was on the first day 436*^ ; 
this very regularly decreased until at the close of the practice it was 212*^. 
Likewise, the probable error decreased from 103*^ to'35‘^. Moreover, 
the upward rest was longer in the first part of the practice than the other 
three phases combined ; but at the close of the series, it was the same as 
the downward rest, thus showing that the greatest gains in voluntary ac- 
tivity are those resulting from the practice of the weakest and less exer- 
cised muscles. 

IV. Estimation of time. 

After a number of preliminary tests, the intervals, 82^, 100- , and 
164S were chosen. The practice lasted from 8 to 16 days on seven 
subjects. 

The results justify the following conclusions: (i) The estimate of a 
given interval varies for different individuals both with and without 
practice. (2) Practice on the same interval may cause the variations 
from the given interval to increase with one person and decrease with 
another. (3) Time estimate is a personal factor depending upon (a) the 
nature of the person, whether of an impulsive or quiet temperament, and 
(b) upon the point of the fixation of the attention, whether to the sen- 
sory or the motor side. (4) There is no ** indifference point ’* from 
which the subject does not vary with long continued practice. The 
changes that practice produces in the estimation of time are probably 
due to fixing the attention on the movement to be performed, in which 
case the estimate is shortened in accordance with the growth of auto- 
matic control, or to the semsory side in which case the time-estimate is 
made longer by practice. 

V. Regulated rhythmical action. 

In arranging apparatus for this experiment the probable error was 
found for the Edison phonograph to range from 0.2% to *0.7%; for 
the Ludwig kymograph by Baltzar, from 0.2% to 2% ; for a drum 
run by an Edison motor driven by carefully tended Edison-Lalande 
batteries, for o. i % to 3%. The Pfeil marker was found at a break of the 
circuit to have a latent time ranging from 0.09®^ with the magnet 

cores distant from the armature to 14.7^^ =t 0.03®^ with the cores close to 
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thp armature. At a make fhe latent time ranged from i.S’^dro. i®* to 
1.3®“ db o. 5®" . With this marker the make is nearly as good as the break 
except for its slightly greater irregularity. The Deprez marker from 
Verdin showed a latent time at the break of 3.8'' dz 0.07*^ and of 
=b o.t)4' at the make. Changes in the adjusting spring did not make 
any great changes in the figures. The probable error of the spark 
records was found to be zh 0.25”*" independent of the speed of the drum. 

In beating time in unison with a sounder click each subject had his 
own constant eribr ; this was generally negative, that is, the subjects 
generally beat time before the click occurred. With practice the con- 
stant error tended steadily to decrease, to become positive and to increase 
positively. The irregularity steadily decreased. 

VI. Free rhythmical action. 

The seven subjects were required to beat time without any objective 
signal. The inter\'al chosen at the start was unintentionally shortened 
with the progress of the experiment ; it was also shortened from day to 
day. The irregularity decreased in like manner. 



NOTES. 


The regular courses of the laboratory for the year 1898-99 were as 
follows : 

1. Physiological and experimental psychology. Two lectures per week throughout the 
year. Text*books : Ladd’s Outlines of Physiological Psychology, Scriptdke’s New 
Psychology. 65 seniors and juniors, 10 graduates. 

2. Elementary laboratory course. One exercise a week throughout the year. ^ All stu- 
dents work simultaneously at the same exercise, each step being supervised by the in- 
structor before the next is taken. The course is designed to afford a training similar to 
that of an elementary course in chemistry or physiology. For the section on sight San- 
ford’s Laboratory Course is used as a text-lwok. 14 seniors and juniors, 7 graduates. 

3. Intermediate laboratory course. A series of 28 weekly exercises in psychological 

measurements. The students work in pairs at the exercises in rotation. Each exercise 
occupies two or three hours. The students learn the methods of measurement and com- 
putation and the use of various instruments such as the chronoscope, recording dnim, etc. 
Text-book ; Scripture’s Elementary course in psychological measurements^ Stud. Vale 
Psych. Lab., 1896 IV 89-139. 7 seniors and juniors, 3 graduates. 

4. Advanced laboratory course. Lectures and advanced exercises in the application of 
elementary mathematics in psychological problems. Text-books : Fisher’s Infinitesmal 
Calculus, Holman’s Precision of Measurements, Weinstein’s Physikalische Maassbe- 
stimungen (partofVol. I). 4 graduates. 

5. Technical course. This consists of a series of exercises for those who expect to teach 
experimental psychology and to manage a laboratory. The instruction covers : the prin- 
ciples involved in making, repairing and caring for apparatus, with practical training in 
wood and metal work ; the methods of experimental demonstration, with practice in the 
preparation of lantern slides and the use of lime-light and electric lanterns ; the princi- 
ples of laboratory economy, etc. 'fhe workshop practice is cared for by a special in- 
structor. The student is expected to make several pieces of apparatus involving the 
use of the screw -cutting lathe and the various small tools. He is urged to become suf- 
ficiently familiar with apparatus and lantern work to successfully give an illustrated lec- 
ture ; practice lectures arc held and subjected to criticism. The director gives special 
attention to fitting the men in this course for college positions. 5 graduates. 

6. Research-work in psychology. Participants in this course are either investigators 
or assistants. For assistants the object is such a training in accurate introspection, obser- 
vation, experimenting and the art of research as is desirable for the general psychologist. 
This work is open to all. Only those who have had sufficient experience are permitted 
to undertake independent investigations. The result of all investigations belong to the 
archives of the laboratory. Those who undertake investigations thereby agR?e to .prepare 
the results for publication, subject to approval, in the Studies from the Yale Psycholog- 
ical Laboratory. 6 graduates (independent investigators). 

7’, Applied psychology. One hour per week throughout the year. Application of 
modern psychological principles to educational subjects ; outlines of the psychology of 
touch, its use in education ; motor abilities, accuracy of movement, fundamental princi- 
ples of writing and drawing ; sight, color-teaching ; space, form-teaching, drawing, 
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n\odeling ; attention, concentration and distraction, laws for developing attention ; 
memory, analysis into its components, experimental study of, develment and training, 
systems of mnemonics, time of study ; imagination, use, necessity of development and 
repression ; emotions, will ; action, reflex, automatic, instinctive, voluntary, their train- 
ing ; education of the blind, the deaf and other defectives ; principles of anthr6pomelry 
and psychometry applied to study of scholars ; psychological develo])ment, beginnings of 
instruction; economy in education, greatest results from least efforts, correlation and 
concentration of instruction. The course is illustrated with experiments, lantern views, 
and a la,rge collection of educational material from Europe and America. 24 seniors 
and junioi^s, 9 graduates. 

Some cxi)eri merits by Wedensky, Contribution d /’ etude de V i ner- 
vation centraky III. internationaler Congress fiir Psychology, appear to 
have a bearing, on the explanation of the work on cross-education that is 
. being carried on at Yale. Professor Wedensky experimented on the cor- 
tical motor centers for the anterior limbs of the dog and the cat with the 
result that the state of excitation of one center played an important role 
in the modification produced by stimulation of the symmetrical center. 

The date of Fejiiner’s paper .should be given on page 6 as 1858 in- 
stead of 1758. 
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RESEARCHES IN EXPERIMENTAL PHONETICS 


(First Series) 

BY 

E. W. Scripture. 

The science of speech is at the present moment passing into the phase 
of experiment. For many years experiments have been made on the 
vowel sounds and on similar topics from a physical point of view, but it 
is only recently that the attempt has been made to arrange systematic 
work exclusively for the purposes of a science of speech itself. 

The present study, begun in October, 1897, gives the account of some 
of the results already obtained (to the end of 1899) in the system of re- 
searches now in progress in the Psychological Laboratory of Yale Uni- 
versity. The scope of these researches is far wider than the topics con- 
sidered in this first report. ‘‘Experimental phonetics” would include 
the material of the present study but such a term would need to be ex- 
tended beyond its present significance to include all the work now in 
progress here. I believe, however, that there will be no objection to 
using the name “ experimental phonetics ” for a science of speech in all 
its forms as a matter of expression. This would include not only speech 
sounds as material for language, but also their changes resulting from 
different mental conditions such as fatigue, emotion and the like ; it 
would also include the study of rhythm in speech with its application 
in poetry and music. 

The present investigation owes its immediate origin to suggestions from 
and discussions with Prof. T. D. Goodell (Greek) and Prof. Hanns 
Qertel (Comparative Philology). The question was raised concerning 
the possibility of using laboratory methods to settle the controversy in 
regard to the quantitative character of English verse. It was finally de- 
cided to study some records of English poetry made for one of the talk- 
ing machines. After various trials it was found possible to obtain speech 
records in such a way that they could be measured. 

It quickly became apparent that work on this problem required pre- 
liminary work on the elementary sounds of language. This work led to so 
many novelties and showed so clearly the need of revising many of our 
concepts of the nature of speech that the original problem was postponed 
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until the most valuable facts in regard to spoken sounds cduld be col- 
lected. These facts lay before me immediately in the records ; it was 
only necessary to measure the sound curves and interpret them. This 
measuring was a most laborious and fatiguing process but after a month 
or two of practice in interpreting the curves the work proved to be in- 
credibly profitable \ it was rare to spend an hour at work on them with- 
out discovering some new fact. The field is, indeed, so rich and so un- 
explored that there is unlimited gain for any one wishing to enter' it. To 
any one wishing to use the same methods every possible facility will be 
afforded by the Yale laboratory. 

I. Apparatus for studying speech records. 

The choice of a method for obtaining measurable records seemed to 
lie between : 

1. Causing the sound to trace a record that might be directly studied, 
without the possibility of reproducing the sound. 

2. Causing the sound to trace a record which could be used to repro- 
duce the sound and which could also be studied. 

Both of these principles involved most serious difficulties; a long 
series of investigators and inventors had, however, rendered them pos- 
sible. 

The former principle appears to have been first applied by Scott in 
his phonautograph.^ 

In Scott's phonautograph a large parabolic receiving trumpet carries 
at its end a thin membrane whose movements cause a small recording 
lever to write upon the smoked surface of a cylindrical drum. The 
sounds of the voice passing down the receiver agitate the membrane and 
cause the lever to draw the speech curve on the drum. A vibrating fork 
serves to write the time line beside the speech line. Scott was a typog- 
rapher and afterwards a dealer in photographs ; the instrument was made by 
Rudolph Koenig, the well-known maker of acoustical apparatus in Paris. 

The instrument as improved by Koenig was used by Bonders and 
others.® 

The logograph of Barlow consisted of a tnimpet or mouthpiece end- 

1 Scott, Inscription automatique des sons de I’air au moyen d'une oreilie artificielle, 
z86i. 

Scott, Phonautographey Annales du Conservatoire des Arts et Metiers, Oct., 1864. 

Scott, Phonauiographe et fixation graphiqut de la voix^ Cosmos, 1839 XIV 314. 

LiPPicn, Studien Uber d, Phonautographen von Scott, Sitzb. d. Wien. Akad., Math.- 
naturw. Kl., 1864 L (II. Abth.) 397. 

2 Bonders, Ueber d. Natur aer Vokale, Arch. f. d. holl&nd. Beitr&ge z. Natur.- u. 
Heilk., 1858 I 157. 
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ing in a thin hiembrane of rubber. A thin lever of aluminum carrying 
a point dipped in color wrote the speech curves on a band of paper. * 

A still further improved phonautograph was used by Schneebeli,* 
which carried two points, one fixed to aid in comparison and the* other 
moving with the membrane. The inscription was made on a light strip 
of glass covered with a light coating of smoke and drawn on a carriage 
rapidly in front of the recording points. The tracings were measured 
with the “aid of »micrometric screws. Schneebeli gives a number of 
the characteristic curves of the vowels. 

Various similar methods have been employed with constantly better 
results. The ear drum has been used for the membrane by C. Blake.® 

The hindrance due to the inertia of material levers was avoided by 
E. W. Blake, who attached a mirror to a telephone plate in such a way 
that a beam of light was deflected by each movement. A ray of light 
from a heliostat was reflected through lenses upon a photographic plate 
moving with a constant velocity. The sound wave thus recorded a line 
on the plate.* 

Preece and Stroh used a thin membrane of rubber stretched by a 
cone of paper. The cone was made to move a fine glass tube supplied 
with an aniline ink, the record being taken on a band of paper.® 

Rigollot et Chavanon covered the wider end of a paraboloid with 
a very thin membrane of collodion, to the center of which was fixed a 
small mirror working on an axis of fine thread. The deflections of the 
ray of light were recorded on a sensitive paper.® 

Bonders, 7 .ur Klangfarbe der Vokale, Arch, f. d. holiand. BeitrSgc z. Natur. u. 
Heilk., i86i IIT 446. 

Bonders, Zur Klangfarbe der Vokale^ Ann. d. Phys. u. Chem., 1864 CXXIII 527. 

Bonders, Be physiologic der spraakkianken, Utrecht 1870. 

SciiWAN UND Pringsheim, Der franzdsische Accent^ Arch. f. d, Studium d. neueren 
Sprachcn, 1890 LXXXV 203. 

' Barlow, On the pneumatic action which accompanies the articulation of sounds by 
the human voice, as exhibited by a recording instrument, Proc. Roy. Soc. London, 1874 
XXII 277. 

Barlow, On the articulation of the human voice, as illustrated by the logogmph, Proc. 
Roy. BublinSoc., 1880 N. S. II 153. 

* ScHNEEBEi.1, Expiriences avec le phonautographe. Arch, des Sciences phys. et nat. 
de Gendve, 1878 (Nouvelle p6riode) LXIV. 

Schneebeli, Sur la theorie du timbre et parliculitrement desvoyelles. Arch, des Sci- 
ences phys. et nat. de Geneve, 1879 (III. p^riode) I T49. 

9 Blake, The use of the membrana tympani as a phonautograph and logograph ^ 
Archives of Ophthal. and Otol., 1876 V No. I. 

< Blake, A method of recording articulate vibrations by means of photography, Amer. 
Jour. Sci., 1878 XVI 55 ; also in Nature, 1878 XVIII 338. 

« Preece and Stroh, Studies in acoustics, Proc. Roy. Soc. London, 1879 XXVIII 358 . 

« Rigollot et Chavanon, Journal de physique, 1883 553. 
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The most highly developed instrument of the lever re^pording type 
seems to be that of Hensen.^ It consists of a membrane of goldbeater’s 
skin in a conical form produced by molding it over a shape while moist 
and a'fiowing it to dry before removal. A single light lever attached tp the 
center of the membrane carries a fine glass thread as a recording point. 
It writes the curve on a thinly smoked strip of glass. The curves are 
studied with a microscope. This instrument has been used in several in- 
vestigations.* 

An important improvement was made in Hensen’s recorder by Pip- 
ping who replaced the glass thread by a small diamond which scratched 
the curve directly on the glass strip. With this instrument Pipping has 
made a series of investigations, chiefly on the vowels.® 

Rapps also avoids the difficulties of a diaphragm or membrane by an 
ingenious optical method.* 

The Marey tambours in various modifications have been frequently 
used.® Other devices have been employed at different times.® 

1 Hensen, Ueher die Schrift vonSchallbeivegungen^ Zt. Biol., 1887 XXllI 291 ; first 
described by Gruetzner, Physiologic d. Stiinmeu. Sprache, 187, in Hermann’s llandb. 
d. Physiol., I. Bd., IT. Theil, Leipzig 1879. 

* Wendeler, Ein I'ersttch^ d. Schallbewegung einiger Consonantal u, anderer 
Gerausche mit d, I/ensen^ schcn i^prachzeichner graphisch darzustellen^ Diss. Kiel, 1886; 
also in Zt. f. Biol., 1887 XXIII 303. 

Martens, Ueber das Verhalten von Vokalen und Diphthongen in gesprochenen Wor- 
ten, Diss. Kiel, 1888; also in Zt. f. Biol., 1889 XXV 289. 

® Pipping, Om Klangfdrgen hos sjunga vokalevy Diss. Helsingfors, 1890 ; also as Zur 
Klangfarbe d, gesungenen Vokale ; Untersuchung mit Ilensens Sprachzeichner (Diss. 
in Swedish, Helsingfors 1890), Zt. f. Biol., 1890 XXVII i. 

Pipping, Nachtrag zur Klangfarbe der gesungenen Vokale, Zt. f. Biol., 1890 XXVII 

433 * 

Pipping, Zur Lehre v. d. Vocalkldngen, Zt. f. Biol., 1895 XXXI 525. 

Pipping, Phonautographische Studien iiber d. Quantitat schwedischer Worte u. d. 
musikalischen Accent, Finlandska Bidrag, till Svcnsk Spr&k och Folklifsforskning, Hels- 
ingfors 1894. 

Pipping, Ueber d, Theorie d, Vokale, Acta Societatis Scientiarum Fennicoe, 1894 XX 
No. II. 

^ Rapps, Ueber Lujtschwingungen, Diss., Berlin 1892 ; also in Ann. d. Phys. u. Chem., 
1893 L 193. 

^Rousselot, Les modifications phon^tiques du langage, Paris 1892. 

Bourdon, V Application de la mlthode graphique A PHude de V intensity de la voix, 
Ann^e psychol., 1897 IV 369. 

Wagner*, Franzdsische Quantitat (tmter Vorfuhrung des AlbrechP schen Apparats), 
Phonet. Studien, 1893 VI i. 

® Fick, Zur Phonographik, Beitrftge zur Physiologic Ludwig gewidment, 23, Leip- 
zig 1887. 

Koschlakoff, Die kunstliche Reproduction u. graphische Dantellung d, Stimme, 
Arch. f. d. ges. Physiol. (PflUger), 1881 XXXIV 38. 
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The manqmetric flame method was devised by Koenig.' The vowel 
is sung or spoken into the trumpet leading to the small box known 
as the manometric capsule. This box is divided in two parts by a thin 
rubber membrane. The part opposite the trumpet is a tight chamber 
through which illuminating gas is flowing ; the gas is lighted at the end 
of the small tube. As the sound waves descend they strike the rubber 
membrane, set it in vibration and thus produce movements of the gas 
analogous to tho^e of the air in the sound waves. By means of a revolv- 
ing mirror the vibrations of the flame can be seen. These flames can be 
photogiliphed * by selecting the right composition of the illuminating 
gas ; cyanogen gas has been used ; a mixture of hydrogen and acetylene 
gas burning in a chamber of oxygen seems to be successful. 

The foregoing methods have been employed for the solution of the 
most diverse problems.'* 

The second principle is that of the sound-reproducing machines, or 
talking machines. 

The original talking machine seems to have been the phonograph of 
Edison. The tin-foil phonograph was afterwards superseded by the 
wax-cylinder form. 

A sheet of thin glass receives the sound waves and engraves them in a 
surface of hard wax by means of a sapphire knife attached to it. By re- 
placing the sapphire knife with a round sapphire point the glass dia- 
phragm is made to reproduce the sound. 

The great advantage of this method lies in the fact that the record can 
be made audible at any time ; the accuracy of the result can thus be 
always tested. 


* Koenig, Die manometrischen Flammen^ Ann. d. Phys. u. Chem., 1872 CXLVI i6i. 
Koenig, Quelques experiences d’acoustique, 46, Paris, 1882. 

Auerbach, Uniersuchnngen ii. d, Natur. des Voknlklanjrs, Diss. Berlin, 1876 ; also 
in Ann. d. Phys. u. Chem., 1876 Erganzungsbd. VIII. 

* Stein, in Marey, La methode graphique, p. 647. 

Doumer, Mesure de la hauteur des sons par les flammes manomdtriqueSy C. r. Acad. 
Sci. Pari.s, 1886 CIV 340. 

Doumer, Etudes du timbre des sonSf par la mlthode des flammes manomitriquesy C. r. 
Acad. Sci. Paris, 1887 CV 222. 

Doumer, Des voyelles dont le caractire est trls aigUy C. r. Acad. Sci. Paris, 1887 
CV 1247. 

Marage, Etudes des voyelles par la photographic des flammes manometriqneSy Bull, 
de PAcad. de Med., 1897 XXXVIII 476. 

Nicholls and Merritt, Photography of manometric flames y Physical Review, 1898 

VII 93. 

® Auerbach, Die physikalischen Grundlagen der Phonetiky Zt. f. franz. Sprache u. 
Lit., 1894 XVI 117. 

Rousselot, Principes de Phonetique Experimentale, Paris 1897. 
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The phonograph has been used to receive' records which have after- 
wards been studied. 

The methods of studying phonograph records are of two kinds. 
Direct enlargement and measurement by means of the microscope is the 
method followed by Boeke.' Enlargement by means of amplifying 
levers, recording directly on a smoked cylinder is the method used by 
a series of observers.* Phonograph records have been studied to a con- 
siderable extent.® 

Enlargement by means of levers recording on photographic paper by 
means of a beam of light is the method developed by Hermann*.* The 
Yale laboratory is equipped for this method also. 


* Boeke, Mededeeling omtrent ondet’zoekingen van klinkerindruskels op de wa^rollen 
van Edison's verbeterden fonograafy De natuur, 1890, July. 

Boeke, Mikroskopische Phonogrammstudieny Arch. f. d. ges. Physiol. (Pfliiger), 
1891 L 297. 

Meyer, Zur Tonbe^uegung des Vokals im gesproch„ «. imgesung. Einzelworty Phonet. 
Studien, 1897 X i (Neuere Sprachen, IV). 

* Mayer, Edison' s talking machine y Nature, 1878 XVII 469. 

Fick, Zur Phonographiky Beitrage zur Physiologie Ludwk; gewidmct, 23, Leipzig 
1887. 

. Jenkin and Ewing, The phonograph and vcnvel theorieSy Nature, 1878 XVIII 167, 

340. 394. 

Jenkin and Ewing, On the harmonic analysis of certain v<nvel soundsy Trans. Roy. 
Soc. Edinb., 1878 XXVllI 745. 

Kluender, Ueber d, Genauigkeit der StimmCy Arch. f. d. ges. Physiol. (Pfluger), 
1870 I II9. 

I.AIIK, Die Grass mann' sche Vokaltheorie im Lichte des ExperimentSy Diss., Jena 
1885 ; also in Ann. d. Phys. u. Chem., 1886 XXVII 94. 

M’ Kendrick, On the tone and curves of the phonography Jour. Anat. and Physiol., 
1896 XXIX 583. 

M’ Kendrick, Murray and Wingate, Committee report on the physiol, application of 
the phonograph and on the form of the voice curves by the imtrumenty Rept. Brit. Ass. 
Adv. Sci., 1896669. 

Wagner, Ueber d, Verwendung d. Gruetzner-Marey' schen Apparats u. d. Phono- 
graphen zur phonetischen UntersuchungeUy Phonet. Studien, 1890 IV 68. 

® Marichelle, La parole d*aprds le trac6 du phonographe, Paris 1897. 

Gelle, L’ audition, Paris 1897. 

Marage, Les phonographes et Vitude des voyelleSy Anne6 psychol., 1898 V 226. 
^Hermann, Phonophotographische Untersuchungeuy I., Arch. f. d. ges. Physiol. 
(Pfluger), 1889 XLV 582. 

Hermann, Ueber d. Verhalten d. Vokale am neuen Edison' schen PhonographeUy 
Arch. f. d: ges. Physiol. (Pflilger), 1890 XLVII 42. 

Hermann, Phonophotographische Untersuchungeuy II., Arch. f. d. ges. Physiol. 
(Pfliiger), 1890 XLVII 44. 

'Hermann, Phonophotographische Untersuchungeuy III., Arch. f. d. ges. Physiol. 
(PflUger), 1890 XLVII 347. 
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Another of the talking machines is the gramophone. This is a de>rel- 
opment of* the recording idea contained in Scott’s phonautograph in 
combination with the idea of reproducing the sound in a special manner. 
The inventor of the method is Mr. Emil Berliner, of Washington, D. C. 
The United States patents covering the apparatus and processes are as 
fpllows: Gramophone, No. 372,786, Nov. 8, 1887; Process of pro- 
ducing records of sound. No. 382,790, May 15, 1888; Gramophone, 
No. 5:3^,543> Feb. 19, 1895 ; Sound -record and method of making same. 
No. 548,623, Oct.*29, 1895; Gramophone, No. 564,586, July 28, 1896. 
These, patents can be readily found in the annual reports published by the 
United States Patent Office. 

The researches to be now reported have been made with the aid of 
the gramophone ; an acquaintance with the principles involved in the 
production of the gramophone records is necessary to the proper under- 
standing of the results obtained. 

7. Makhig gramophone plates. 

For convenience the apparatus may be divided into two sections, the 
recorder and the impression disc. 

The recorder with which I am acquainted is that described in the Letters 
Patent No. 564,586; it is shown in Fig. i. The recorder comprises a 
thin glass diaphragm held in a frame, Fig. 2. This frame opens on 
one side into a speaking tube. It is cut away on the other side to afford 
connection with the recording stylus. From the center of the diaphragm 
a metal post rises, whose free end has an axial slot into which a piece of 
soft rubber tube is forced and flattened. The free end of the tube receives 
the metal stylus, which extends outward radially and ends in a flat, sharp, 
flexible point. Near the middle of the stylus a hole is bored and a pin 
formed at one end of a metal block passes through the hole and into the 
central bore of a similar block. Between each block and the stylus there 
is a soft rubber washer. The blocks are made to clamp the stylus by means 
of the pointed screws passing through the support and serving as pivots. 


Hermann, Bemerkungen zur Vokalfrage, Arch. f. d. ges. Physiol. (PflUger), 1890 
XLVIll l8l, 543. 

PIermann, Phonophotographische Untersuchungen, IV., Untersuchungen nAttels des 
neuen EdiSotCschen Pkonograpken, Arch. f. d. ges. Physiol. (PflUger), 1893 *• 

Hermann und Matthias, Phonophotographische Mittheilungeny V., Die Curven d. 
Consonanten, Arch. f. d. ges. Physiol. (Pfliiger), 1894 LVIII 255. 

Hermann, Phonophotographische Untersuchungen^ VI., Nachtrag zur Untersuchung 
der Vocalcurven^ Arch. f. d. g^s. Physiol. (Pfliiger), 1894 LVIII 264. 

Hermann, Weitere Untersuchungen u. d. Wesen d. VocqU^ Arch. f. d. ges. Physiol. 
(PflUger), 1895 LXI 169. 



8 


E. W, Scripture^ 


These pivots form the fulcrum of the stylus. The stylus is dampened 
a piece of soft rubber inserted between it and the metal cover of the 
sound box. 



Fig. I. 


The sound waves coming down the speaking tube set the diaphragm 
in motion ; this diaphragm moves one arm of the stylus and the point at 
the end of the other arm repeats this movement. 



The impression disc is prepared by two methods. I shall describe first 
the method with which I am acquainted and then a later method which 
seems of special interest. 
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In the former method (Pitent No. 382,79a) a highly burnished zinc>^ 
disc 18®“ in cliameter is flowed with a saturated solution of wax in 
benzine ; the film of wax thus deposited is so thin that the touch of a 
earners hair brush marks it perceptibly. 

The* prepared disc is placed on a revolving plate so that its surface is 
touched by the point of the recording stylus (Patent No. 534,543). 
As the plate revolves the recorder is made to travel toward the center ; 
thus its pqint cuts a spiral groove through the wax. The vibrations of 
the point make deflections in this groove. These deflections are in the 
plane of the surface of the plate and not dug into it as in the case of the 
phonograph. 

The record disc is then placed in an etching bath similar to that used 
by photo-engravers (Patent No. 548,623). The part of the zinc from 
which the wax has been removed by the stylus is attacked by the acid 
and a permanent groove is made. A copper matrix is then made from 
this by electrolysis. The matrix contains the sound-line in relief. 
After the matrix has been protected by a layer of nickel, unvulcanized 
rubber is pressed into it. The rubber is then vulcanized in place. When 
removed from the matrix the rubber plate is a true copy of the original disc. 



Fig. 3. 


The later method of making record discs I know only from a study of 
the Letters Patent, No. 564,586. I judge, however, that it is a better 
method and I believe that it may be of easy application in the direct 
study of records by the microscope. 

In this method a glass plate is clamped on an axis by which it can ht 
rotated. The under-surface of the disc is carefully polished and dried 
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and is then covered with a thin film of linseed oil by means of a camel’s 
hair brush. A smoky flame then held under the plate ’deposits a fine 
layer of lamp-black, thus forming an amorphous ink which covers the 
glas; in an even, exceedingly thin layer. This coating of ink does not 
flow spontaneously and requires only a minute force to trace a linb in it. 
The sound line is drawn by the point of the recording stylus in a manner 
similar to that just described. Copies of the disc are made by placing 
it over a sensitized photographic plate and proceeding by photo-engraving. 

To reproduce the sound the rubber disc is placed oh a plate which can 
be rotated by some motor power. A reproducing sound bo,x is so ar- 
ranged that the point of its stylus travels in the sound-groove. The 
deviations in the sound groove move the point of the stylus whereby a 
glass diaphragm is made to reproduce the sound waves. The reproduc- 
ing sound box differs from the recording sound box chiefly in having a 
stiff round steel point at the end of the stylus instead of a cutting point, 
as shown in Fig. 3. 


2, Transcribing gramophone records. 

The speed at which the plate travels in the record-making machine is 
about 70 revolutions a minute. This stretches out the curves for the 
speech sounds so that the variations in amplitude are visible through the 
microscope only in the case of musical sounds and vowels. The method 
of direct reading by the microscope is therefore not available. The 
record must be transcribed in such a way that the relation between length 
and height, that is between time and amplitude, shall be changed. In 
the method about to be used the height was enlarged while the length 
was decreased. 

In the transcribing apparatus (Fig. 4 ) the gramophone plate was put 
on a metal disc E similar to that of the original record-making machine. 
This disc was rotated at a speed of o.i revolution a minute by a system 
of spur and bevel gears. The particular system used was adopted after 
long experimenting ; as it may be of use to others it may be profitable to 
briefly describe it. 

A small I lo-volt Edison motor A was connected with the electric mains 
through an appropriate resistance. A convenient and cheap form of re- 
sistance Z was found in the so-called reduction sockets for r 5 c. p. lamps. 
These contain fine resistance wire wound on asbestos, which can be placed 
in circuit with the lamp to any desired extent, thereby reducing the cur- 
rent passing through it. An appropriate plug carrying the motor wires 
was placed in one of these sockets ; this socket was connected to another 
plug which was placed in another reduction socket ; this finally was con- 
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n^cted to a jjlug placed irf a socket on the main line. By moving the 
knobs on the reduction sockets the speed of the motor could be reduced 
as desired. Jinally the current was passed through a 4 c. p. lamp as a 
permanent resistance of 800 ohms. In making the present records the 
motor was adjusted to about 800 revolutions a minute. 



Fig. 4. 


A miter gear a on the axle of the motor fitted into another miter gear on 
the first axle of the reducing machine B, The first axle of the reducing 
machine thus revolved at 800 revolutions per minute. (For still finer 
work it has been found convenient to use a worm on the motor axle and 
a worm gear on the first reducing axle ; for a worm gear ♦of n teeth the 
speed of the first axle is i/« that of the motor. ) The second axle carried 
a large spur gear with 160 teeth which fitted into small spur gear with 16 
teeth on the first axle ; thus the second axle made 8q revolutions fier 
minute. In a similar way gear-transmission to a third axle reduced the . 
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dpeed to 8 revolutions, and transmission to a tourth axle reduced it to 0.8 
of a revolution. This fourth axle carried a spur gear of 20 teeth which 
fitted into the 160 teeth of the final driving machine of the disc whose 
axle thus made o. i revolution a minute. 

1 

The axle of the final driving mechanism carried on its further end 
a tube C with a longitudinal slit in it. Within this tube was a rod i®“ in 
diameter with a thread of 96 turns to the inch on its surface; it 
was held by a nut correspondingly threaded. A projection from* the rod 
fitted into the slit in the tube ; thus the rod was forced to turn with the 
tube. At the same time the thread on its surface forced it *co move 
lengthwise of an inch for each revolution. The rod bore on its end 
a carefully centered point and just back of this point a miter gear. The 
point pressed against the disc -carriage. This carriage consisted of a 
bar of brass running on a pair of rails and carrying the metal wheel E. 
The metal wheel rested on the carriage and its axle projected through it. 
As the rod traveled forward it pushed the carriage ahead of it. At the 
bottom of the axle there was a second miter gear D bearing against the first 
one on the rod ; this turned the metal wheel in unison with the rod. 
When a gramophone plate was clamped on the wheel with proper center- 
ing, it was turned once in 10 minutes and was driven forward radially 7V 
of an inch per revolution. Thus the speech curve on a plate would travel 
steadily under a fixed point from beginning to end. 

Just above the disc the amplifying lever /^was adjusted so that the soft 
steel point rested in the sound groove. The distance from the fulcrum 
to the point was 22““. The lever possessed side movement in order 
to transcribe the curve, and vertical movement in order to follow the 
changes in the thickness of the plate. The long arm of the lever reached 
595*"“ beyond the fulcrum. The extreme part of it consisted of a 
recording point of pendulum ribbon M 1^2^^ long. This point traced 
the side movement on the smoked paper and also yielded to the up and 
down fluctuations without any noticeable effect on the records. The am- 
plification was approximately 27 times. 

It was afterwards found desirable to replace the simple supporting ad- 
justments of the steel point by ah adjusting standard such as is used in 
ordinary laboratory work. The point could be raised or lowered by a 
rack and pinion and adjusted sidewise by a small screw. The vertical 
movement was convenient for regulating the pressure of the recording 
points on' the drum ; the rubber gramophone plates varied in thickness 
and would consequently raise the point more at one side than the other. 
Tlfis variation has been avoided in the most recently made plates. 

The centering of the gramophone plate was not an easy matter. The 
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speech curve was made in tAe form of a spiral around the center of rota^ 
tion in the original machine ; neither the edge of the rubber disc with 
the record nor the hole in its center coincided with this center. To 
ceuter the spiral accurately on the metal plate two methods coiid be 
used. The microscope method proved somewhat the more convenient. 
The metal disc was moved away from the point of the rod. A micro- 
scope or a large magnifying glass was fixed so that it was focussed on the 
spiral groove. As the disc was turned the groove passed through the 
field pf vision. If the plate was not centered, it would move to one side 
or the oi*her during one half a revolution ; it was adjusted by the fingers 
until the groove did not appear to move back and forth with every turn, 
but to maintain a steady side movement amounting to once the width be- 
tween lines for one revolution. The other method consisted in turning 
the disc with the recording point adjusted and noting the deviation to 
one side for one half a revolution. The disc was then moved radially 
until the point marked one half the deviation. If this was properly 
done, the point would show no deviation as the disc is turned. 

The steel point was pressed into the groove of the plate by means of 
the rubber band on the thread b ; the vcrticality of the pressure was 
assured by the plumb line C, 

The record was made on smoked paper moved by the Balt/ar kymo- 
graph K in the usual way with side movement of the drum by the driv- 
ing mechanism G. 

There were such minor adjustments of recording points, levers, etc., 
as were requisite for accuracy and convenience. 1 o avoid jarring through 
the floor the table was at a later date suspended from the ceiling by wires. 
The jarring of the motor was avoided by placing it on sand. The slight 
variations in the potential of the city current did not appreciably affect 
the record. 

In the laborious work of transcribing these records I was greatly aided 
by Mr. Minosuke Yamaguchi. 

The records were measured with a scale graduated in loths of a milli- 
meter under a watchmaker’s eye-glass or under a magnifying glass. Thus 
o. was the unit of measurement. This represented an interval of time 
of 0.003^", or 0.3^*^. In the case of regularly repeated vibrations the 
determination could be made still finer by measuring a long series of vi- 
brations. In the calculations only the tenth of a millimeter was used. 
The tenths of a sigma in the results may be out by one or two units ; 
thus a series of vibrations recorded as 2. 2. 1.9*^, 1.9*^, etc., would be 

possibly more correctly given as 2.1*^, 2.0^^, 1.9*^, 1.9*^, etc. These stdjjs 
disappear in the plotted curves of results which were drawn smoothly by 
aid of rubber curves. 
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The calculation was aided by Zimmermanits Rechentafe^n and a table 
of reciprocals. Thus millimeter measurements were turned into periods 
of vibration by using the table for 35, and frequencies were found by 
takin^'g the reciprocal of the period. 

The reproductions of speech curves in this study were obtained by hav- 
ing the originals photographed, with an enlargement of four times, di- 
rectly on a wooden block ; the engraver then cut the line with his tool. 
As some of the finer details were necessarily lost in this^way, the attempt 
was made to get larger amplification in the records. Six months of un- 
successful work with compound levers were followed by an ‘‘attempt 
(Dec., 1899) with a single very long lever of straw having the fulcrum 
close to one end and the recording point of glass. This method gives 
most beautiful curves of the greatest delicacy ; they are as large as the 
curves shown in the figures for ai^ etc. below and can be reproduced di- 
rectly by zAYic etching. This method is being used for further researches. 
Many other improvements have also been lately introduced. 

In addition to the illustrations produced by photography and cutting 
by the engraver, others have been made by drawing with the free hand 
on a very large scale the curve as seen through the magnifying glass ; in 
this way the finer details could be brought out with great accuracy. 

II. The diphthong ai found in the words /, eye, die, fly, thy. 

The words first studied in the present case are those of William F. 
Hooly, a trained speaker, reciting the nursery-rhyme entitled “The 
Sad Story of the Death and the Burial of Poor Cock Robin. * * The record 
is contained on the plate numbered 6015 made by the National Gramo- 
phone Company of New York. As it is impossible to get any definite 
idea of how the words actually sound except by putting the plate in the 
gramophone, I will try to indicate some of the characteristics of the words 
heard. 

Mr. Hooly speaks in what appears to be the normal American accent 
in the neighborhood of New York except in two respects : i. he makes 
an unusual effort at distinctness ; 2. he recites in the manner frequently 
adopted by adults in speaking to children — ^a manner that I^am able to 
characterize only as having an excess of expressiveness and melodiousness. 

The record on the gramophone plate, as far as it has been traced off, 
reads as follows : 

NoW, children, draw your little chairs nearer so that you can see the pretty 
pictures and Uncle Will will read to you the sad story of the death and the 
burial of poor Cock Robin. 
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Who killed Cock Robin ? 

I, said the sparrow, 

With my bow and arrow. 

I killed Cock Robin. 

Who saw him die ? 

I, said the Ay, 

With my little eye 
I saw him die. 

Who caught his blood ? 

I, said the fish, 

With my little dish 
I caught his blood. 

Who’ll make his shroud ? 

I, said the beetle. 

With my thread and needle 
I’ll make his shroud. 

Who’ll be the parson ? 

I, said the rook. 

With my little book 
I’ll be the parson. 

Who’ll dig his grave ? 

I, said the owl, 

With my spade and trowel 
I’ll dig his grave. 

Who’ll carry the link ? 

I, said the linnet, 

I’ll fetch it in a minute. 

I’ll carry the link. 

To extend the treatment to prose some cases of 1 were studied in an- 
other record by Mr. William F. Hooley, entitled “Gladstone’s Advice 
on Self-Help and Thrift,” being record number 6014 of the gramophone 
series. The speech runs as follows : 

Ladies and gentlemen, the purpose of the meeting on the 14th instant 
may, I can say, be summed up in a very few words : self-help and thrift. 

Two examples of this diphthong were also studied in the word thy^ as 
it appears in record number' 668 Z (name of speaker not given), which 
runs as follows : 

Our Father, which art in Heaven ; hallowed be Thy name, Thy kingdom 
come ... 

In order to get some idea of the relation between the character of th*e 
vibrations and the mental character of the word I have recorded judgments 
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^as to how the words appear to the ear. The^tatements are given with* ap- 
pended initials in the accounts of the various words ; the persons observ- 
ing were : (O), Hanns Oertel ; (E. M. C.), Miss E. M. Comstock; (E. 
W.‘S.), E. W. Scripture. 

ai in the word / (first example). 

The first occurrence of ai is in the verse /, said the sparrow. 

A reproduction of the curve for this word is given in Fig. As ex- 
plained on p. 14, some of the details are lost in rnaUing the figure and 
others are not quite correctly given ; the original curve is much sharper 
and clearer. 



Fu;. 5. 


This word / occupies an interval of 452*^ = 0.001*). It is pre- 

ceded by a silent interval of 770®^, or about ^ of a second ; this is the 
full stop in the stanza after the question is asked and before the answer 
is given, indicated by ? in print. It is followed by a silent interval of 
210', indicated in print by a comma. 

Beginning . — ^The beginning of the a is apparently clear, that is, it is 
not preceded by any breathing. The vocal cords are apparently ad- 
justed for voice production before the expiration begins ; the vowel starts 
with a light vibration of the cords. There is no explosive sound, or 
glottal catch, before the vowel. 

Pitch . — Beginning with a period of 18^, the cord tone changes slowly 
through II, 10, 9, 8, 7^, reaching 6*^ at the nth vibration, 5*^ at the 
15th, 4^ at the 30th ; the period of 4' is maintained to about the looth 
vibration, after which it falls slightly to 4. 2*^ during the last 7 vibrations. 
Ifi other words, the pitch glides slowly upward from a tone of 56 complete 
vibrations per second to one of 200 per second, then more slowly to one 
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of 250 per second, at which pitch it remains constant except for a slight 
drop as the diphthong ends. Fig. 6 shows the course of the pitch-changes 



during this word. The horizontal axis in this figure, as well as in all 
similar ones, represents time. The point = o is taken at the moment of 
the first vibration and the sound curve is supposed to be laid along the X~ 
axis. At each point on this axis at which the curve shows a cord vibra- 
tion to begin an ordinate is erected, inversely proportional to the time 
from this moment to the beginning of the previous vibration, that is, to 
the frequency of the cord vibration at that point. By an oversight the 
figures 300 and 400 have been interchanged. 

Formation , — drawing of the first three vibrations is given in Fig. 7 ; 
the dots indicate intervals of i®". 



Fifi. 7. 


The vowel a begins with a movement of the vocal cords by which an 
extremely weak puff of air is emitted. This puff of air passing through 
the resonance-chamber of the mouth arouses 3 or 4 vibratory oscillations 
of air contained in the chamber. There is first a half oscillation of weak 
amplitude, then a comparatively strong oscillation, followed by very 
weak ones. Even the strongest is, however, very weak ; the following 
oscillations *are so weak as to be hardly perceptible. The resonance vi- 
brations disappear and there is an interval of silence before the second 
puff appears. Then the cords emit another puff of air a trifle stronger 
than the first, the time from puff to puff being The 6 resonance 
vibrations are slightly stronger than before. The period of silence? is 
shorter than before. The third puff occurs 1 after the second one. The . 
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reSionance vibrations are a trifle stronger still there are 7 of them with 
a brief interval of silence. The fourth puff begins at 10^ after the begin- 
ning of the third one. The fourth puff contains 8 resonance vibrations^ all 
slightfy stronger than before ; there is no interval of silence because the 
fifth puff begins just as the last resonance vibration of the fourth puff 
ends. The interval occupied by the fourth puff is 9*^. The end of the 
fourth puff, the whole of the fifth puff and the beginning of the sixth 
are shown greatly enlarged in the drawing, Fig. 8. 



Fig. 8. 


It is a characteristic trait of this particular a that the vibration is 
strongest at the start ; this indicates a sudden and complete opening of 
the cords. The quickest opening requires, however, a little time and 
there must be a measureable change from no passage of air to full passage ; 
this is shown by the weak half of the first resonance vibration preceding 
the large half. The form of vibration may possibly be held to indicate 
a complete closure of the cords whereby they actually touch each other. 
This is supposed to be a characteristic of spoken vowels as distinguished 
from sung vowels. The a sung by Hermann* shows a gradual rise and fall 
of intensity such as would arise from a free vibration of the cords without 
touching of their edges. Spoken vowels, however, may be also produced 
by free vibrations of the cords as in the case of the / analyzed below 

(p- 25)- 

In this / there appears a trace of the strong secondary resonance vibra- 
tion discussed below (p. 23) ; the phenomenon is here so faint that a 
discussion of it is best postponed to the study of the 2d 
example of /. The resonance tone indicated by it has a 
period of or a frequency of 286 ; this is approxi- 
mately the note shown in Fig. 9. 

The resonance vibration in the first part of the word 
has a period of or a frequency of 1000. Its pitch is 
approximately as indicated in Fig. 10. Fig. io. 

i^Herman.v, PhoHophotographische Untersuchungen^ IV., Untersuckungen miUelsdfs 
neum Edison' schen Phmographen^ Arch. f. d. ges. Physiol. (Pfluger), 1893 LIII Tafel II. 

Hermann, Weitere Untersuckungen ii. </. Wesen d. Pocale^ Arch. f. d. ges. Physiol. 
(Pflilger), 1895 LXI Tafel V. 
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As the period of the ccA’d tone becomes shorter, the number of resb- 
nance vibrations to each period becomes smaller. Beyond the 30th period 
of the cord^one the resonance vibrations show a lengthening of period. 
In the 39th cord vibration the resonance tone reaches a period of «*. 2^ or 
a frequency of about 450 ; it thus falls more than an octave in the time 
of 9 cord vibrations, or, in this case, in 33*^. Here the resonance tone 
is nearly but not quite of the same period as the octave, 2*^, of the cord 
tone, 4*^., This change is shown in the hand-drawing. Fig. ii, which be- 



Fig. II. 


gins with the 3TSt vibration. This relation between resonance tone and 
cord tone is maintained to the end of the word ; it produces the peculiar 
alternation of waves seen in the last two vibrations in Fig. ii. 

The vibrations up to the 31st unquestionably belong to the a. In 
the vibrations beyond the 39th both the cord tone and the resonance 
tone are constant, except for a slight fall at the end. They unquestion- 
ably belong to the /. The vibrations from the 31st to the 39th show a 
constant cord tone and a falling resonance tone. They are presumably 
to be considered as belonging to the “ glide. During the a the cords 
have been stretched more and more until at the 31st vibration they 
reach the tension required for the i ; the only further change necessary 
is the lowering of the resonance tone. 

Beyond the portion shown in Fig. ii the curve shows strong vibrations 
so nearly alike that one is naturally induced to consider each one a cord 
vibration, as shown in Fig. 13. This would not be the proper way be- 
cause close inspection shows that succeeding vibrations differ slightly, 
while alternate ones are alike. This likeness of all the resonance vibra- 
tions in the i as contrasted with the a is probably also due to a difference 
in the action of the cords; this difference appears more clearly in the 
word eye analyzed below, and the discussion is postponed to that point. 

With the^nderstanding that no definite limit can properly be made 
between one soundrand the neighboring one in this case, we may, on ac- 
count of the foregoing consideration, consider the a to have occupied the 
time 203*^ ending with the 30th vibration, the glide to have occupied 
33*^ ending with the 38th vibration and the i to have occupied the remain- 
ing 216*^. 
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The resonance tone of the / is one of about*45o vibrations per second, 
or about that in Fig. 12. 

This resonance tone is much lower than the very high 
tone assigned to / by Hermann and others but is not so 
low as those assigned by some other observers. There is, 
however, the possibility of different tones in the vowels 
from different speakers and also that of several resonances in the same 
vowel. In careful examination of the curves I find them ofte^i 'marked 

t' 

by small additional vibrations. These are frequently quite prominent 
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in the / of ai. Their fineness rendered it impossible to settle on any 
definite facts regarding them. In the drawing, Fig. 13, I have tried to 
give some idea of how the curve of the / 
might appear if freed from the defects of 
tracing. It is impossible to assign any 
period to these small vibrations ; the regu- 
larity in the drawing was adopted for purely 
mechanical reasons. 

The changes of the cord tone and the 
resonance tones are indicated in a general 
way in Fig. 14. 

Amplitude.— Tas. amplitude of a vibration Upper resonance tone. 

. j. /. .... e . Lower resonance tone. 

IS the distance from the position of equi- Cord tone 

librium to the extreme position on either 

side ; it is thus one-half the difference in altitude between the crest and 
the trough of a wave. The course of change in amplitude is given in 
Fig. 15. The horizontal axis represents time as explained for Fig. 6. 
The vertical axis represents amplitude. 

The initial resonance vibration of the first puff of this a has an ampli- 
tude of less than o.i'"™. This slowly increases to 0.3““ at the 20th vi- 
bration after which it remains practically constant to the 38th. Beyond 
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the 38th, ths^t is, from the beginning of the /, the amplitude rapidly ifi- 
creases from 0.3""” to 0.7""" at the 50th vibration; thereafter it slowly 
sinks, becoming 0.3"*“ at the 6oth vibration and 0.2"”" at the 80th. o.i““ 



at the 88th and o at the 96th. The vibrations of the i just beyond the 
50th, or the maximum of the /, are shown in Fig. 13 ; in this figure two 
of the large vibrations belong to one cord vibration. 

The maximum for the i is 2^1 times that for the a. 

Ending, — The word ai ends by a gradual cessation of the expiratory 
impulse with hardly a noticeable change in the tension of the vocal cords ; 
this is the clear ending usual in English. The slight fall in pitch of the 
i toward the end indicates a change that may be apparent in the auditory 
effect of the word, although it cannot be distinguished separately. It is 
probably due to a relaxation of the cords. 

Relation behueen curve and color, — To the ear the sound of this word 
I appears from the record “ colorless, without emotion, without inflec- 
tional rise or fall within the word, a monotone” (O.) ; “a mild state- 
ment ” (E. W. S.). 

The mildness of this word seems related to its length and its gradual 
changes in pitch and intensity. 

ai in the word / (second example). 

The second case of the word I occurs in the sentence / killed Cock 
Robin, 

The complete reproduction of the curve is given in Fig. 16. The first 
five puffs are shown enlarged in the drawing. Fig. 17. 

This word occupies an interval of 334*^. It is preceded by a silent in- 
terval of 420*^, or nearly half a second ; this considerable interval would 
indicate a full stop. The words With my bow and arrow seem therefore 
in the thought of the speaker to belong to the previous I, The thought 
seems best indicated by a period after arrow ; thus, /, said the sparrow^ 
with my bow and arrow, I killed y etc. This second / is followed by* 
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arf interval of about 125*^ before any trace 6 f the followii\g sound can 
be found. 



Fig. 16. 



Fig. 17. 


Be^innin ^;. — Similar to that of the ist /, p. 16. The first five vibra- 
tions are shown in the drawing, Fig. 17. 

Pitch . — Beginning with a period of la®”, the cord tone changes steadily 
through 9, 8, 8, 7, 7, 6, 6, 6, 6, 5, 5, 5, 5, 5, 5, 5, 4, 4, 4, 4, 4, 4, 4, 
etc., to the 48th vibration after which it slowly falls to 4.4*^ at the 70th. 
The course of the pitch-change is shown in Fig. 18 ; the plotting is done 
in the manner described for Fig. 6. 



Formation . — The formation of the a is apparently the same as in the 
preceding case ; the secondaries indicate a resonance tone of 1000, as in 
Fig. 10. At the distance of 3 beyond the beginning of the vibration 
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there is another large oscillation markedly greater than the other secoiid- 
aries, as shown in the drawing Fig. 18. This large secondary keeps 
at the same; time behind the primary. As the pitch of the cord tone 
rises, the primary resonance vibrations come closer together ; t^e large 
secondary, being at a constant interval behind the preceding primary, thus 
comes steadily closer to the following primary until it disappears in it. A 
drawing of two such vibrations is given in Fig. 19. 
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I do not believe that this larger secondary is due to an overtone-vibra- 
tion of the cords. A stretched string or a reed may vibrate primarily as a 
whole, secondarily in halves, thirds, and so forth, producing the funda- 
mental tone and its overtones. As the tension of the string or reed is in- 
creased, the fundamental tone rises in pitch and its overtones must do so 
likewise. For example, a string or a reed that vibrates in halves in ad- 
dition to its fundamental vibration, will continue to vibrate in halves as 
the tension is changed. 'I'hc curves for this vowel do not represent such 
a vibration. The strong secondary keeps at the same distance after the 
l)receding primary while the distance to the following primary steadily 
decreases. 

Two explanations of this phenomenon may be proposed. 

It might be suggested that the primary and the strong secondary may 
represent two waves of a lower resonance while the primary and the other 
secondaries represent the waves of a higher resonance ; this resonance 
would have a period oi or a frequency of about 286. The note 
corresponding to this tone is shown in Fig. 9. It would require a rather 
large cavity to resonate to such a low tone. Such a cavity may perhaps 
arise from the pharynx and mouth acting as a single resonator of great 
length. There would then be at least three tones present in the a : the 
rising cord tone, the lower resonance tone of 286, which finally coincides 
with the cord tone, and the higher resonance tone of 1000. 

Another explanation that may at least be considered is that the strong 
secondary arises from a flap -like action of the cords. The closure of the 
glottis across the air-current brings about a vibration of the edges, pro- 
ducing a tone whose pitch depends upon the tension of the edges. ^Fhe 
edges can he assumed to vibrate as wholes in the manner of stretched 
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strings. As the tension is increased, the pitch'rises. In addition to this 
the tissue stretching from the edges to the walls may also vibrate in uni- 
son with the edges, but just as in the case of a piece of cloth* attached to 
a stringy it may be assumed to execute an additional flap owing to^the 
first impulse being reflected from the further walls to which the membrane 
is attached. If we assume that the tension of this tissue (Musculus 
thyreo-arytenoideus) remains constant during the vowel, this membran- 
ous flap would be independent of the tension of the cords and wouldlfollow 
it at a constant interval. This flap would impress itself with the air cur- 
rent and thus produce a stronger resonance vibration at a constant in- 
terval after the primary resonance vibration. On the assumption that 
the regular repetition of a sound produces a tone, the large secondary 
would combine with the preceding primary to produce a tone with a 
period of 3.5*^ or a frequency of about 286. Likewise it would combine 
with the following primary to produce a tone of changing pitch ; this 
tone would start with a period of 5. or a frequency of about 178 and 
rise steadily in pitch till it disappeared. 

The lowering of the resonance tone can be clearly seen at the 12th 
vibration just as at the 31st in the preceding case, although it may pos- 
sibly begin earlier ; it is finished at the 28th. Thus, 80^^ can be assigned 
as the time occupied by the yo*' by the glide and 184 by the /. 

The resonance tone of the / has a period of 1.8^^ or 
a frequency of about 555 ; this is approximately the note 
shown in Fig. 20. 

'rhe smaller vibrations are also present as mentioned on 
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p. 20. 

The changes of the three tones in this vowel are indicated in Fig. 21. 
Amplitude, — ^I'he maximum amplitude in the first vibration is less than 
o. 1““ ; it increases steadily to 0.4“’" at the end of the a. 

Beyond the 25th vibration the amplitude 


begins to increase ; it reaches a maximum of 
0.6"’“ at the 31st vibration. Thereafter it 
decreases rather rapidly, becoming 0.2““ at 
the 45th vibration and fading away gradually 
to o after the 75th. If the vibrations from 
the 1 2 th to the 30th are to be considered as 
the glide, the maximum occurs just after the 
beginning of the i. 

The / is thus weaker throughout than in the 
previous case ; its maximum amplitude is also 
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Upper resonance tone. 

Lower resonance tone. 


Rightly less. Owing to the loudness of the Cord tone. 
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Oy the maximum amplitude hf the / in this case is only i times that of 
the a. 

The course»of change in amplitude is shown in Fig. 22 ; the plotting 
is done in the manner described for Fig. 15. 



Ending. — Similar to that of the ist /, p. 21. 

Relation behoeeti ctiroe and color. — To the ear this / is “ shorter than 
the ist /; more emphatic (O.); ‘‘the word is spoken emphatically 
and boldly’* (E. W. S.). 

The emphatic character of the word may arise from its shortness, the 
loudness of the ay the quick fall of the /, or from other causes not de- 
termined. 

ai in the word / (third example). 

The third example of / occurs in the words /, said the fly. 

This word occupies an interval of 598*^. It is preceded by a long 
silent interval of 560*^, or over of a second, indicating the full stop 
after the question has been asked. It is followed by a silent interval of 
200^, or ^ of a second, indicated in print by a comma. 

Beginning. — The first strong resonance vibration is preceded by 4 very 
small secondaries. Fig. 23. This would indicate that the expiration be- 
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gan before the cords had closed for their first explosion but that the 
mouth was already in position for the vowel. Such a brief passage of 
air through the mouth before the cords began to vibrate would cause the 
resonance tone to be heard for a brief instant before the cord tone began. 
In this case the resonance tone began 4 thousandths of a second befdre 
the cord tone. This can hardly be considered as an extremely brief 
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Aspirate; or h; the time is too short, 5*^, for iny perceptiom of the sound 
distinct from the rest of the vowel. 

It is quite possible that this manner of beginning a vowol may be that 
calle\l by Ellis and Sweet a ^'gradual glottid*' and by Sievers a 
lightly breathed beginning. * * ‘‘In this the cord opening passes through 
the positions for toneless breath and whispering before the cord tone be- 
gins, whereas the really strong impulse of expiration begins only at the 
moment when the voice itself sounds.**' 

Pitch . — Beginning with a period of 7.7‘^(i3i vibrations per second) it 
rises to 7®" at the 8th vibration to at the 13th, to 5®" (200 vibrations) 



at the 20th, slowly to 3.8*^ (250 vibrations) at the 40th after which it 
remains constant to the 70th. Thereafter it falls slowly to 4. 2^^ at the 
end. The course of change in pitch is shown in Fig. 24, which is 
plotted in the manner described for Fig. 6. 

Formation . — 'Fhe primary and secondary resonance vibrations are 
present in the ^ as in the previous ca.ses but the secondary vibrations are 
relatively stronger in this case. This would indicate a more gradual 
opening of the cords ; not so much of the energy of the puff is expended 
at the start, and some of it is reserved to carry the reasonance longer. 
There is no silent interval within the puff. 

In the greater part of the curve the secondary vibrations in the a differ 
in form from those of the previous cases. They take a form that would 
indicate a series of partial tones differing from each other in phase by ^ 
as shown in the drawing. Fig. 25. 

Some of the curves for the other cases of / appear of the simple pen- 
dular harmonic form, but many of them show tendencies toward forms 
with the overtones differing in phase by Those that resemble the 
cases of difference by o and cannot be distinguished from simple curves 


* Sievers, GrundzUge der Phonctik^ 4. Aufl., 140, Leipzig 1893. 
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on the small sjale of the rec< 5 rds. According to Hermann the differences 
in phase produce no differences in the tone heard.* I note this particular 
vowel, however, as its curve differs from the others. The different forms 
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for different cases of / presumably indicate differences in the shape of 
the mouth. 

The curve in this a presents great irregularities ; they are all explainable, 
however, from the gradually rising pitch of the puffs whereby the num- 
ber of resonance vibrations is gradually reduced as in the previous cases. 

Just as in the previous cases the resonance tone begins to change while 
the cord tone is constant. The change begins somewhere around the 
40th vibration and proceeds rather rapidly to the 50th. Thus 217*^ can 
be assigned to the 46 to the glide and 335®“ to the /. 

The resonance tone for the a has, as before (p. 18), a period of i or 
a frequency of 1000 (Fig. 10). The resonance tone beyond 
the 50th vibration — which we may consider as the begin- 
ning of the i — has a period of 2.0®", or a frequency of 500, 
or approximately as indicated in Fig. 26. 

The resonance tone remains constant for about 20 vibrations of the i 
and then slowly falls with the cord tone to about 2.2*^ at the end. The 
resonance tone of the i is very closely the octave of the cord tone. 

The resonance vibrations of the a 
show a fairly strong secondary (p. 23) 
at 3. 5^ after the beginning. 'Fhis would 
indicate a tone with a frequency of 286. 

On the first hypothesis (p. 23) this 
would be the lower resonance tone. Fig. 
9. On the second hypothesis it would 
be the constant flap tone ; the chang- 
ing flap tone would begin also with 
period of about 3.5*^, and rise in pitch 
rapidly. 

1 Hermann, Beitrdge zur Lehre v. d. Klangwahrnehmungy Arch. f. d. ges. Physiol. 
(Pfluger), 1894 LXV 467. 
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Lower resonance tone. 

Cord tone. 


Fig. 26. 
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* The changes in the tones of this vowel are indicated in Fig. 27. 

Amplitude, — The amplitude of the maximum resonance vibration in 
the j is less than o. i“'“ in the first vibration ; it gradually* increases to 
0.4“"* 'and remains constant to the end of the a and through the glide. 

After the glide the amplitude rises with moderate rapidity to o.6“™ at 
the 62d vibration. Thereafter the amplitude falls more evenly and slowly 
to o than in the second example. 

The course of change in amplitude is indicated in Rg. 28 ; the plot- 
ting is done in the manner described for Fig. 15. 



The amplitude of the a in this example closely resembles that in the 
2d example ; the i is also similar but its rise is more gradual and its fall 
more sudden. The amplitude throughout this example is a trifle less than 
in the first one. The maximum for the / is i times that for the a. 

Ending, — As on p. 21. 

Relation betiveen curiae and color, — ^To the ear this / is ‘Mike the 2d 
but longer ; a little more self-assertive (O. ) ; “ spoken rather emphat- 
ically ; like the 2d example rather than the first' ' (E. W. S.). 

The maintenance of the pitch of the i may have something to do with 
this assertiveness. 

ai in the word / (fourth example). 

The fourth occurrence of / is in the line I saw him die. It occupies 
an interval of 350*^ ; the word is thus shorter than any of the previous 
examples. 

It is preceded by a silent interval of 165*^, which is shorter than 
the similar interval before / killed. The speaker evidently feels that 
the words With my little eye belong to the following words I saw 
in making a sentence ; thus no mark of punctuation should be placed 
after the word eye. This view is supported by the existence of a pause 
of ^385*^ before the word With, In the previous stanza there was a 
pause of 77o<^ after the words With my bow and arrow and of o (zero !) 
‘ before them, that is, between sparrow and with. In that stanza the 
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speaker evidently felt the ]j||irase beginning with With to belong to the 
preceding /ahd not to the following one. Both stanzas have been punc- 
tuated on p. in accordance with these views. 

The tracing of the / is followed by a straight line for 200*^ ; this, time 
includes the pause after the /and the time of the s of saw. 

Beginning , — The first primary resonance vibration of the a is preceded 
by several secondaries (see Fig. 30); the beginning thus resembles that 
of the 3d example, p. 25 



i I i 

§00 \OQ 300 

Fig. 29. 


Fitch , — Beginning with a period of it rises steadily through 8, 8, 7, 
1 , 7, 6,. 6, 6, 6, 6, 6, 6, 5, 5, 4, 4, 4, - 4 (at the 28th), to 3 at the 
35th ; this pitch is maintained practically unchanged to the end. In 
regard to pitch also this a closely resembles that of the 2d example but 
it is throughout a little higher. Starting with a frequency of about n i 
it rises' to about 286 and maintains this. The course of change in pitch 
is shown ^n Fig. 29, which is plotted in the manner described for Fig. 6. 

Formation , — The first three vibrations are shown in the drawing Fig. 
30. The motion of the cords is seen to be free and gradual as in the 
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Fig. 30. 

third example, p. 26 and Fig. 23. The resonance vibrations in the a 
resemble th'jse in the 2d example in having one of the secondaries stronger 
than the others. This secondary maintains its place in respect to the pre- 
ceding primary resonance vibration with about 3.5*^ between them. As 
the puffs come more rapidly, the primaries come more closely in succes- 
sion, cutting off the secondaries at the end in the usual way (p. 17). 
Thus the larger secondary comes steadily nearer to the following primary 
while maintaining its constant distance from the preceding primary. 



30 


E, IV. Scripture^ 


. If the primary resonance vibration and thr strong secondary following 
it indicate a tone, the period of the tone will be about 3.5*^ and the fre- 
quency about 286. If a tone is to be considered as being formed by the 
interval from the strong secondary to the following primary, it would 
begin at about 4.5*^, or a frequency of 220, and would rise in pitch^till it 
is extinguished. In this respect this a closely resembles that in the 2d 
example of /(p. 23). 

It is peculiar to this / that the cord tone rises during the a to tjid pitch of 
the lower resonance tone 286 and that the / keeps this pitch for the cord 
tone. 


The upper resonance tone of the a has at the start a period of a little over 
or a frequency a little less than 1000. The lowering of the resonance 
tone may begin at the start but it cannot be 
detected until about the 30th vibration, owing 
possibly to the unusual complexity of the curve 
in this case. Shortly before the 40th vibra- 

tion it reaches 1.5*^, and at about the 48th 

1.8^. Around the 50th it reaches 2.1% at 

— the 6sth about 2.5*^; after this there is 

scarcely any fall to the end. 

3 *- The changes in the tones of this vowel are 

resonance tone, indicated in Fig. 31. 

Lower resonance tone. ^ x/-y i t.! • j • 

Amplitude . — The maximum amplitude in 

the first vibration is less than o. it in- 
creases rapidly to 0.3 in the 6th vibration, reaches 0.4 at the 17th, 
decreases to o.2}4 at the 28th and remains with no noticeable variation 
from this till the 35th. In all 
previous cases the a has steadily 
increased in intensity; here we 

have a rise and a fall. ^ 

In the / the amplitude rises a i\ 

quickly from 0.3 to o. 7 at the 42d J I 

vibration of the word ( 7th of the 

i ) after which it .sinks quickly to ^ " 

0.3 at the 45th and thereafter ^2. 

more slowly to the end. Such a 

quick fall of intensity is not found in any of the preceding cases of /. The 
loud part of the / is shorter than in the previous cases. The maximum am- 
plitude is reached at its 13th vibration, where it is i times that of the a. 

The course of the change in amplitude is given in Fig. 32, which is 
plotted in the manner described for Fig. 15. 


Fig. 32. 
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Ending. — TJie i ends with a steady fall in intensity without noticeable} 
change in pit^. 

Relation bepiveen curve and color. — To the ear the word seems to be 
spoken ‘Mike the 3d/** (O.) ; “triumphantly** (E. W. S.). ^ 'The 
emphatic or triumphant character of the word may be due to its shortness. 
The high pitch of the word and the relation of tones arising from the 
strong secondary may also be elements tending to make the word emphatic. 

fii in the word / (further examples). 

Nine farther cases of / were studied, making thirteen in all. In gen- 
eral the fundamental characteristics of the four cases already considered 
were found in all the rest. Some peculiarities, however, are to be noted. 

Sometimes the first vibration of the a is shorter than the following one. 
This occurs, for example, in I'll make his shroud, and /*// be the parson. 
In the former case the periods are 9.8*^, 11.6*^, 10.9*^, 9.8% etc., and in 
the latter 8.1*^, 10. 9.8*^, 8.8®^, 8.8*^, 8.1*^, etc. The cords seem to 

receive an excess of tension before the breath begins and to be then re- 
laxed to the tension desired. This suggests the possibility that in all 
cases of / the tension of the cords may be made greater than desired and 
that it is adjusted by relaxation before the breathing begins. There are 
two ways of reaching an adjustment of any muscular force, one by in- 
creasing the force upward until it reaches the proper point and the other 
by making an excessive increase and then relaxing. This latter method is 
familiar in many activities. I merely suggest its possibility in speech ; I 
see no reason for supposing it to be the method employed in the cases of 
/that do not show it in the records. 

Another peculiarity lies in the ending. Most cases of / in / fade 
slowly away in intensity while a slight fall in pitch takes place. In the 
case of / in I caught his blood, the vibrations reach a maximum in the 
early part of the i as usual and thereafter decrease in amplitude ; but in- 
stead of steadily decreasing to zero they are rather suddenly cut off at a 
point 56*^ beyond the maximum, at which point the amplitude is about 
i that of the maximum. Beyond this point there are still some faint 
vibrations in the tracing during a time of about 10®, after which the 
tracing is straight. The straight tracing represents the /C’-sound in the 
word caught) the faint vibrations correspond to the glide during which 
the cords are still vibrating but the mouth is changing from the /-position 
to the ^’-position. The condition seems to correspond to what may be 
called a “ sharp cut off ** to the vowel (Kudelka : “stark geschnittener 
Accent***) in contrast with the “fading end** to the cases of I abo\e. 

1 SiEVERS, Gfut\dzuge der Phonetik, 4. Aufl., 204 Leipzig 1893. 
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In the case of / in ni make his shroud there is also no fading awa/; / 
passes into V/and ’// into m without any break, although a fluctuation in 
amplitude takes place. 

In pne case the fall of the upper resonance tone appears to take place 
from the very beginning of the word ; the resonance tone is thus st'eadily 
falling while the cord tone is steadily rising. This occurs in the a of /in 
/y said the fish. The period of the resonance tone begins with 1.4*^, reaches 
1.5*^ at about the loth vibration, 1.8®“ at the 40th vibration aivd*then re- 
mains constant to the end of the word. The typical ^i*form is lost in the 
curve at this point, namely the 40th vibration, or 228*^ after the begin- 
ning ; the typical / form appears clearly after the 4Sth vibration, justify- 
ing us presumably in assigning to the glide and 240*^ to the i, 

ai in the word / (prose example). 

This occurs in the words mayy I can sayy be summed up in a very few 
words of the prose speech given on p. 15. 

It occupies an interval of 354*^. It is preceded by a silent interval of 
not over 16*^ ; the preceding sound is ay of may which fades away slowly 
and may occupy in extreme faintness some of this interval. It is fol- 
lowed by a line showing no vibrations through an interval of 70^ ; this 
represents undoubtedly the gulteral k in the word can which seems to fol- 
low the / without pause as in the case mentioned on p. 31, yet the k does 
not cut off the / suddenly in this case as is shown by a study of the am- 
plitude (p. 34 and Fig. 40). 

Beginning, — Very faint but apparently clear, as on p. 16. 

Pitch, — The successive periods are 9.8, 8.4, 7.0, 6.7, 6.0, 6.0, 6.3, 
6.0, 6.0, 6.0, 6.0, 6.3, 6.7, 6.7, 6.7, 6.7, 6.3, 6.3, 6.3, 5.6 at the 20th 



Fig. 33. 


vibration; after this the period remains constant at 5.6*^ to the 68th vi- 
bration at the end of the word. This is indicated in Fig. 33, which is 
plotted in the manner described for Fig, 6. 
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Formation ^ — In general the curve resembles those with the strong sec- 
ondary but with the difference that this secondary occurs at a smaller 
interval, 2.8^^, after the primary. As the primary has a period of i .oj, this 
produces the peculiar curve of which one vibration, is shown* in the 
drawing. Fig. 34. This secondary is almost as 
strong as the primary in the early part of the a^ 
but is Jost sight of at a later point in the curve, 
possibly by comkig into some relation to the upper 
resonance tone. 

This difference from the previous cases would indicate some difference 
in the resonance adjustment of the mouth or in the action of the cords ; 
it may possibly have something to do with the parenthetical character of 
the phrase. 

The tone represented by the interval between the strong secondary 
and the preceding primary is constant at 2.8*^ or about 360, or approxi- 
mately the note shown in Fig. 35. The resonance tone of the a starts 
at i.o^^ or 1000, as in the first example, p. 18, being indicated a])prox- 
imately in Fig. 10. 

At about the 17th cord vibration the resonance tone 
begins to fall in pitch. As its period becomes longer, it 
more nearly coincides with the period between the strong 
secondary and the preceding primary ; the curve becomes smoother and 
loses the little notch after the primary. The 20th vibration is shown 
in the drawing. Fig. 36. The resonance tone continues 
to fall slowly but steadily to the end of the /, reaching 
2.8*^ or about 360 at the end; this is, curiously enough, 
the pitch of the lower resonance tone of the a (Fig. 35). 

The curve at the point where the i has fallen greatly in 
amplitude and the period of the resonance vibration is 
somewhat less than half that of the cord vibration is shown in the draw- 
ing, Fig. 37. 



Fig. 36. 


Fig. 35. 




Fig. 37. 


We are perhaps justified in placing the end of the a at the point where 
the resonance tone begins to fall, that is, at the 17th cord vibration ; tljis 
would give a a length of iifi®". 

The vowel / thus continues the constant pitch of the a and also the 
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drop of tKe resonance tone in the glide. It fs thus quite i\npossible to 
assign any limit between the glide and the /. Even the peculiar increase 
in amplitude that characterizes all the previous cases of / in / is here so 
gradual* that it cannot be used to mark the limit (see Fig. 40). , 

The remarkable fall of the resonance tone from 
i.o*^, or 1000, in the a throughout the i to its end 
at 2.8*^, or 360, at the end, extends over about the 
musical interval of a duodecime, qr approximately 
as indicated in Fig. 38. 

The changes in the three tones of the /are 
indicated in Fig. 39. 

Amplitude , — The amplitude increases rather 
steadily at first, then rapidly in the early part 
of the i and falls rather more rapidly than 
usual to the end. This is indicated in Fig. 

40, which is plotted in the manner described 
for Fig. 15. The maximum amplitude for 
the i is about times that for the a. 

Ending , — A fall of amplitude to o without 
any fall in pitch of the cord tone, as in the 
4th example, p. 31. 

Relation between curve and color , — ^To the ear this word is ** colorless, 
unemphatic’’ (O. ); ‘‘short, high, colorless, firm, a statement of no par- 
ticular importance * ’ (E. W. S. ). It seems impossible to find any relation 



Fig. 39. 

Upper resonance tone. 

Lower resonance tone. 

Cbrd tone. 


Fig. 38. 



between these judgments and the recorded curve. Shortness was noted 
above (p. 31) as connected with emphasis; the uneniphatic / (first ex- 
ample) was long and had a different curve of pitch. The very peculiar 
change in the resonance tone may by future collation with similar cases 
be found to be connected with the color of the word. 

ai in the word eye. 

The word occurs in the line With my little eye. A reproduction of the 
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curve is giv» in Fig. 41 ? the first few vibrations of the a arfe not v*y 
satisfactorily shown in the cut. 
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It occupies an interval 556*^. It follows immediately on the last vi- 
bration of the / in the word little. The three words my little eye are 
here spoken with no separation. It is interesting, in passing, to consider 
the possibility that this fusion of the three words go parallel to a 
fusion of thought. It is evident from the very tone of the speaker that 
he is thinking of one thing, a certain eye^ and that the facts of mine and 
smallness arc not of any particular account to him. 

The word eye is followed by a pause of 165®’ before the word I ( see 
p. 28) which does not seem sufficient to justify a comma. 

Beginning. — The faint vibrations of / in little die away just before the 
first primary resonance vibration of eye appears. The a begins as in 
/, ist example, p. 16. 

Pitch, — The vibrations of the preceding / decrease in amplitude until 
the line shows only a faint wavering. 'Fhe first indication of a is a single 
resonance vjbration on the line; this is repeated after 2.5*^, and again 
after 3.9*^. From this point the a curve clearly appears. It slowly falls 
in pitch to a period of 4.2®“ at the 20th vibration, 4.6*^ at the 40th, 4.9®’ 
at the 50th, 5.3*^ at the 54th, 5.6®” at the 60th, 6.3*^ at the 66th, 6.7*^ at 
the 70th and 7.0*^ at the 73d. P'rom this point onward the pitch continues 
to fall slowly, reaching 8.4*^ at the 8oth vibration and ending with ab*out 
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in pitch this ai differs radically from all thd other examples ; it starts 
with a moderately high pitch and falls continuously. The course of the 
change in pitch is indicated in Fig. 42, plotted in the manner described 
for Fiffji.6. 
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Fig. 42. 

There is the possibility that the fall in pitch in this word may have 
something to do with its position at the end of a phrase. If the word 
had been followed by a long pause, it would naturally have fallen on ac- 
count of its position at the end of a sentence ; the pause, however, was 
extremely short and we cannot very well assume a short pause as the 
equivalent of a period unless we give up the accepted theory of relation 
between punctuation and time. It is, nevertheless, possible that this 
theory may have to be modified as later researches have shown that comma 
pauses may be long and semi-colon and colon pauses may be very short. 
I am inclined to think, however, that the true explanation is to be found 
by supposing the ai in eyeXo be a phonetically different sound from the 
ai in /, although the ear may not clearly distinguish between them. 
This point will be spoken of below in the section on general observations 
on ai. 

Formation . — In the portion from the beginning to the 43d cord vibra- 
tion the formation resembles that of the 2d and the prose examples 
of / in having a large secondary resonance vibration 
at a constant distance after the beginning of the primary 
one ; this constant distance represents a period of 2.3*^ or 
a frequency of 435 (indicated in Fig. 43) as • contrasted 
with the period of 3.5*^ (frequency of 286, Fig. 9) for the former and 
2.8*^ (frequency of 360, Fig. 35) for the latter. After the 43d vibration 
there is a change in the curve indicating a change in this large second- 
ary ; apparently it decreases and disappears but -I have not been able to 
decide with any confidence just what happens. After the 43d vibration 
the curve resembles that shown in Fig. 25. 


i 4- ^ 

Fic. 43. 
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The resonance tone of the a has a period of about or a frequency* of 
about 1000 (Fig. lo). At about the 40th cord vibration the period 
begins to lengthen, becoming 1.8^ at the 63d, 2. at about the 77th, after 
which it continues to fall slowly to 2.5®’ at the end. The resonance tone 
of the / is thus on an average about the same as the lower resonance tone 
of the a (Fig. 43). 

. In spite of the fact that the fall in resonance begins at about the 40th 
vibration, the ^curve maintains its typical a form till after the 70th 
vibration. Beyond this point there is a decided difference, which is 
fairly ^ell apparent in Fig. 41. The primary resonance vibration is of 
about the same amplitude as that of the a but the secondaries are all 
nearly as large as the primary. Such a difference might possibly be ex- 
plained by a difference in the action of the vocal cords. The following 
theory is proposed. In the a they vibrate so that the air current is 
entirely cut off at one point in each vibration ; the pressure of the air 
forces them outward suddenly, producing a strong puff after which there 
is an interval before the cords again strike and cut off the air. This 
puff sets the air in the resonance chamber into vibrations that decrease 
in amplitude. As long as this complete closure occurs, any increase in 
the force of expiration will increase the force of the puff and of the pri- 
mary and secondary resonance vibrations in approximately the same 
ratios. Increased force will change the amplitudes without essentially 
modifying the original form of the curve. 

During the i there is no such great predominance of one resonance vi- 
bration over the others ; the secondary resonance vibrations are nearly 
as strong as the primary. This is the case also in all the examples of ai 
studied above, but here it is very striking on account of the fact that 
the cord period for the i is longer and not shorter than that for the a ; 
there can thus be no attempt at explanation of the strength of the sec- 
ondaries by the assumption of force gained by the shortening of the cord 
period. The explanation rather seems to lie in a different action of the 
cords. The following theory is suggested. In the formation of this i 
the cords do not strike or entirely close the air passage and thus the 
emission of air at the beginning is strong and steady rather than explosive ; 
the first resonance vibration would thus be somewhat stronger than the 
following ones but all would be nearly alike. The increased force in the 
/ would make all of them nearly as strong as the primary of the a as in 
this word, or even far stronger than in the cases of I studied above. 

The changes within this word are so gradual that any assignment of 
definite limits for the a and the / would be apparently capricious. 1"he 
distinct a character appears to my eye to be lost somewhere after the 66th* 
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vibration Sind the distinct / character to begin somewhere about the 7 2d* 
If these points are selected as limits — an action that is hardly justifiable 
— the a would occupy an interval of 315*^, the glide 35*^ and' the / 206^^. 

The a is at any rate longer than the /, 
in quite a marked opposition to the cases 
analyzed above. 

The changes of the three tones in the / 
are indicated in Fig. 44. 

Amplitude, — The a rises from zero as 
usual to an amplitude of 0.5™“ at the 17th 
vibration and remains practically con- 
stant to about the 66th vibration, after 
which there is a slow decrease to zero at 
the end. There is not the rapid increase 
to a maximum in the i found in the cases 
of /studied above. The maximum for the / is somewhat less than that 
for the a. The course of the change is indicated in Fig. 45, which is 
plotted in the manner described for Fig. 15. 

/o- 

y- 



Fig. 45. 

Eliding , — This occurs by a fall of the amplitude to zero. 

Relation between cun^e and color, — The ear notices that this word ap- 
pears ‘‘weaker than the preceding /’s and also than the cases of die ; 
lower in pitch (O.); “somewhat higher in pitch than most of the /’s 
but not so high as the immediately following 1 ; a somewhat colorless and 
unimportant word, differing quite from the modulated, flexible fly just 
preceding ” (E. W. S. ). The weakness of the word seems related to the 
falling pitch and the weakness of the /. The words die and fly are 
considered below. To the ear there is no essential difference between 
the ai in /and that in eye^ yet the speaker makes a difference as indicated 
by the curves of results for pitch and amplitude. 

ai in the word die (first example). 

This occurs in the phrase Who saw him die ? The word occupies an 



Upper resonance tone. 

Lower resonance tone. 

Cord tone. 
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tnterval of of which belong to //and 463*^ to ai. The curve of 
the entire Word is reproduced in Fig. 46. 



Fig. 46. 


Beginning . — The word begins with 20 vibrations belonging to the //. 
These vibrations have a period of 2.0*^ or a frequency of 500. At the 
present moment it is impossible to say whether these are resonance vibra- 
tions imposed on a cord vibration or separate cord vibrations ; it is cpiite 
probable that they are cord vibrations as they have no appearance of 
being grouped as is the case in resonance vibrations imposed on cord 
vibrations. 

The amplitude increases rapidly from zero to 0.3"'"* at the end of the //. 

Immediately after the strongest vibration of the d there follows a set of 
strong vibrations showing the a form. 

In speaking the word die a decided movement of the larynx can be felt 
with the fingers; this would indicate a considerable difference between 
the tension of the cords for d and that for a. The period of this first 
vibration is 3.2®’; its amplitude is 0.3™’". The /7 thus begins promptly 
and loudly, as might be expected from the fact that the expiration is 
already in progress and the cords are already in vibration. The pitch of 
the a in the first vibration is higher than in the subsecpient vibrations as 
might be expected on the assumption that the cords are already stretched 
to give a period of 2.0® for the //, and must be relaxed to produce the 
lower tone of the a. While this relaxation is going on, the cords must pass 
through all intermediate positions between that for a period of 2.0® and 
tharforoneof 3.2®. This occurs to a large extent apparently within 
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the time required for the vibrations of the d. At the same time the 
mouth is changing from the d position to the a position. " These facts 
seem sufficient to explain the curve of change in the drawing, Fig. 47. ; 



Fig. 47. 


the three vibrations on the left are the last of the //, the strong one on the 
right is the primary resonance vibration of the first puff of the a and 
the connecting line shows the curve during the glide. 

Pitch , — The successive periods of the cord vibrations are 2.8, 3.2, 
4 9> S-6, S-3y 4-6, 4*4, 4*2, 4*2, 4*2, 4*2, 4*2, 4*i, 4*i, 4*o, 4*o, 4*o, 

3-9> 3*9, 3*9, 3*9, 3*9, 3-9, 3*9, 3-9i 3*9, 3-9, 3*9i 4*i, 4*1, 4*2, 4*2, 

4*2, 4*3, 4*3> 4-3, 4*4, 4*4, 4*5, 4*5, 4*6, 4*6, 4*6, 4*6, 4*6, 4*7, 4*7, 

4*7, 4*7, 4*3, 4*9, 5*o> S*i, 5*3, 5*3, 5-3, 5*3, 5*3, 5-3, 5-5, 5-7, 5*9, 

6.0, 6.1, 6.3, 6.5, 6.7, 7.0, 7.2, 7.4, 7.4, 7.5, 7.6, 7.7, 8.1, 8.4, 8.8, 

8,9, 9,1, 9,5, 9.8, 10.5, 10.9, II. 2, 12.3, 13.0. These figures maybe 
0,1^ either side of the correct values as, owing to instrumental difficul- 
ties, the curves could not be read to a smaller unit than o. 1"*“. 

The pitch thus quickly descends from the tone of 500 vibrations for the 
dto one of 179, then ascends to one of 257 and then again descends 
slowly to the very low one of 77. These changes are shown in Fig. 48, 
which is plotted like Fig. 6. 



Formation . — The a portion of the curve resembles that of /, ist ex- 
ample, p. 17. The resonance vibration in the first part has a period of 
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i®’®or a frequency of 1000, in the first /, p. 18, Fig. 10. At about th^ 
40th cold vibi'ation it is lengthened to 1.4*^, at the ssth to 1.6*^, at the 
58th to j after this it changes slowly reaching 2.1*^ at the 7Sth and 
increasing but little more to the end at the 86th. 

At about the 5 2d vibration the curve, while still retaining the a form, 
appears to begin to take on the / character as described on p. 19 ; the i 
character appears fairly complete at about the 5 7 th vibration. Although 
no definite limits are to be made, we can assign very roughly 240*^ to 
the a and 220*^ to\he /, or about half of the time to each. 

No trape of a strong secondary resonance vibration in the a portion 
can be detected. The a starts at a pitch too high for the lower reso- 
nance tone found in the previous cases, but even after the pitch has fallen 
this tone seems to be absent. 

A rather peculiar distribution of amplitude among the resonance vibra- 
tions can be seen in the a portion in 
Fig. 46. Although the puff for the 
cords is strong and sudden, as indicated 
by the large abrupt primary resonance, 
yet the force of the puif is not so quickly 
exhausted as in previous cases, as indi- 
cated by the greater size of the follow- 
ing resonance vibrations. The second 
case of die (below) resembles this one 
in this respect. 

The changes in pitch of the two 
fOnes of this ai are indicated in Fig. 49. 

Amplitude , — The vibration begins with an amplitude of 0.3'"'" for the 
primary resonance vibration which becomes 0.4"“" at about the 35th vi- 
bration ; it sinks thereafter very slowly to zero at the end. The maximum 
amplitude is thus found in the a and there is no such sudden rise as is 
found in all the cases of / above. The course of change is indicated in 
Fig. 50 plotted like Fig. 15. 



Cord tone. 
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, Ending- — ^The / ends with a fall in both pijch and amplitude, indicating 
simultaneous relaxation of the cords and the respiratory pfessurd". 

Relation between curve and color, — The effect on the ear is Jthat of ‘ ‘ more 
emphasis at the beginning with decrease toward the end ” (O. and E. W. 
S. ). The high pitch of the d and the a at the start seem to correspond 
to the word -color. 

ai in the word die (2d example). 

This occurs in the phrase J saw him die. The entire word occupies an 
interval of 504*^, of which 28^ can be assigned to the d and to the 
ai. The entire curve is reproduced in Fig. 51. 



Fig. 51. 


Beginning, — The word begins with ii vibrations rapidly increasing in 
amplitude from o to 0.4“ and having a constant period of 2.5*^, or fre- 
quency of 400. These are the vibrations for the d; they resemble those 
of die^ ist example, p. 39. 

The sudden fall in pitch after the d is quite marked. The d curve is 
lost at once. The following interval of 7^ can hardly be said to be the 
first vibration of a as its secondaries are very irregular in form ; during 
this interval the mouth is changing from the d shape to the a shape. The 
peculiar form of the vibration is well shown in Fig. 5 1 ; the secondaries 
of the first few a vibrations are, however, slightly more prbminent than 
in the original curve. 

Fitch, — The successive vibrations of ai occupy periods measuring 8.4, 

7/7, 4-6, 4-2, 4-2, 4-6, 4-6, 4 6, 4- <5, 4-6, 4-6, 4-6. 4-9. 5-3. 5-3. 5-3. 

^ 9 > 4-9» 5-3. 5-3. 5-3. 5-3. 5-3. 5-3. 5-3, 5-3. 5-6, 5-6» 5-6, 6.0, 6.0, 

6-3. 6.7, 6.3, 6.0, 6.3, 6.3, 6.7, 7.0, 7.0, 7.0, 7.0, 7.4, 7.7, 7.7, 7.7, 
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8 . 4 > 8.4, 8.4, .9.0, 9.5, lo.j, 10.5, 10.5, II. 2, II. 6 , 12.3, I2.»3, 12. 3^ 
13.0, 14.0, 14.0, 14.7, 15.8, 15.8, 15.8,?. As previously explained 
p: 13, these figures may be in error by one or two tenths of a sigma, or in 
ten -thousandths of a second. The pitch of the cord tone thus de$c*ends 
as low as a frequency of 63. The general course of pitch is shown in 
Fig. 52 plotted like Fig. 6. 



Formation , — The a curve differs from that of most cases of ai in hav- 
ing less difference between the first resonance vibration and the rest; 
the first and second are, in fact, of almost equal intensity. This would 
indicate a more gradual opening of the cords with less explosive effect. 
The a thus does not differ so much from the i as in most cases. Another 
case of i like this is found in the first ex- 
ample of die (above) and in thy (below). 

The resonance vibration in the a has a 
period of i*^ or a frequency of 1000 at 
the start (Fig. 10). It falls steadily, 
reaching a period of 1.4®^ around the 
20th vibration, 1.8*^ around the 40th, 
and 2.1®’ around the 60th, which is 
maintained to the end. There is no 
indication of a lower resonance tone. 

The curve changes from the a form so 
gradually to the i form that it is quite 
impossible to place any dividing lines ; each element of the diphthong 
may be said roughly to occupy half the total time. 

The changes of the two tones are indicated in Fig. 53. 

Amplitude , — The amplitude of the strongest resonance vibration be- 
gins at 0.3 and is maintained with fair consistency for about half the c^i ; 
after this it slowly falls to zero. This curve is given in Fig. 54 plotted 
like Fig. 15. 



Cord tone. 
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4 Ending , — The i ends with a fall in botl> pitch and amplitude, indi- 
cating a simultaneous relaxation of the cords and the respiratory pressure. 

Reiatioti hetiveen curve and color . — To the ear ‘‘it does<iot rise to a 
high pitch but starts with it and maintains it better than the other word 



die'' (O.); ‘Mt starts high and steadily falls** (E. W. S.). The 
apparent high start is probably due to the pitch of the d. 

at in the word fly. 

This occurs in the phrase /, said the fly. The curve for ^occupies an 



Fig. 55. 


interval of 489®’ of which 25*^ belong presumably to the / and 464® to 
the ai. The curve is given in Fig. 55. It is followed by a silent inter- 
val of 371*^ which is longer than the comma pauses mentioned above 
, (p. 16) and shorter than the full stop (pages 22, 25). 
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^eginning,--r^o specific cVetails concerning the / can be ^derived fron> 
the curve. Tfie strong vibrations just preceding those of the a are pre- 
sumably from*the / sound. They rise rapidly in intensity and greatly re- 
semble those of the d in the two cases of die above ; their period isj 1.9*^ 
and their frequency 526. 

Immediately after the last vibration of the I there follows a short a vi- 
bration with primary resonance vibrations not so strong as in the follow- 
ing ones. • The co^rd adjustment seems not to be perfected for the a till 
the second characteristic a vibration occurs ; this is well shown in Fig. 55. 

The a t)egins promptly and loudly after the /. 

300- 

^ a 

/oo- 


i I - --- ^ 

^O0 300 ^00 SCO 

Fig. 56. 

Pitch , — The successive periods of the cord vibrations are 6.0, 6.3, 6.3, 
6-3. 6.3, 6.3, 6.7, 6.7, 6.7, 6.7, 6.7, 6.7, 6.7, 6.7, 6.7, 6.7, 6.3, 6.3, 

6.3, 6.0, 6.0, 6.0, 6.0, 6.0, 5.8, 5.8, 5.8, 5.8, 5.6, 5.6, 5.6, 5.4, 5.3, 

S-3» S-3» 5-3i 4.9» 4-9» 4.9> 4.9> 4-9> A-9, 4-9> 4-9» 4.2, 4.2, 4-2, 4.2, 

4.2, 4.2, 4.2, 4.2, 4.2, 4.2, 4.2, 4.2, 4.2, 4.2, 3.9, 3.9, 3.9, 3.9, 3.9, 

3-9> 3-9> 3*5> • • • (retaining this period for 27 vibrations) . . .,3.9, 
4.2, 4.2, 4.6, 4.6, 4.6, 4.6, 4.6. There is a rather sudden, though 
small, change in period from 4.9 to 4.2 ; this occurs at 
the irregular place a little to the left of the middle of the 
fourth line of the curve in Fig. 55. This is due presum- 
ably to a rather sudden tightening of the cords for the /. 

The course of change in pitch is shown in Fig. 56, which Fig. 57. 
is plotted like Fig. 6. 

Formation , — The a portion of the curve resembles that of the 2d ex- 
ample of I (p. 22), with a specially strong secondary resonance vibra- 
tion at 3,9®’ after the primary,, representing a tone with 
^ a frequency of 256. This is lower than in any of the 
previous cases (Fig. 57). 

The resonance tone begins with a period ot 1.6*^. or a 
frequency of about 625 (approximately as in Fig. 58). 
This Tails slowly reaching i;8‘^ at about the 35th vibration, 2.0 at about 
the 40th, 2.2 at about the Soth, and 2.5 at the end. This indicates* a 
resonance tone about the same as that of i in eye (p. 36, Fig. 43). 
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The ohang| from a to / proceeds in geneial as in all the other cases 
but the change in curve-form seems a little more markeci. It may be 
said to occur at the 43d vibration, or 301 after the beginning and 163*^ 
befoV^ the end. 

The changes in the three tones are indicated in Fig. 59. 

Amplitude. — The a begins with an am- 
plitude of 0.2““ for the strong resonance 
vibration in the first puff from «th'e cords, 
0.3'“"' for that in the second puff and rises 
quickly to 0.3^^"“". After remaining fairly 
constant for a while, it becomes 0.3™"* toward 
Fig. 59. the end of the a. In the first part of the i 

Upper resonance tone, it rises to 0.4™™, after which it gradually falls 

Ix)wer resonance tone, to zero at the end. The change of amplitude 

Cord tone. shown is in Fig. 60, which is plotted like 

Fig- 15 - 

Ending. — The / ends, like most of the cases examined, in a combined 
fall in pitch and intensity. 

Relation betiveen curve and color. — To the ear this word has a fall-and- 
rise of intonation like that of well and yes in such dubitative as Well^ you 
may do so if you wish^ but I would prefer not. Yes, it may very well be true 
although we have no evidence for it (O. and E. W. S.). 

h- 
4- 

Fig. 60. 

The word fly appears to sink and then rise in intonation to a greater 
degree than the corresponding words sparrow^ fish, etc. This fall- 
and-rise is due to the fall from a tone of the frequency 526 of the / to 
one of 160 at the beginning of the a and then the rise in the a and i as 
shown in Fig. 56, Probably the reason for the rise in the i is to be 
found the rising intonation usual in English at the end of a parenthetical 
clause that the clause said the fly is such a one inserted in the statement 
/, with my little eye, I saw him die seems indicated also by the fact that 
the silent interval after fly is less than that usual for a period. If said 
tht fly were not parenthetical, there would probably be a longer pause 

1 SwE£T, New English Grammar, \ 1946, Oxford 1898. 
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after fly and it would have a/alling instead of a rising int{>nation. In» 
this case the lines would read: Who satv him die I /, said the fly , 
With my little^ eye I saw him die. If special weight is to be given to the 
falling intonation of eye (p. 36) as opposed to the brevity of the pause 
after it, then eye would be considered as ending a phrase. The reading 
required by the intonations of fly and eye would thus be : Who saw him 
die ? /, said the fly\ with my little eye^, I saw him die, 

•^ai in the word thy (first example). 

The word occurs in the phrase Hallowed be thy name on the gramo- 
phone record plate described on p. 15. Much of the work on this word 
has been done by Miss E. M. Comstock. The entire curve is repro- 
duced in Fig. 61. 

The time occupied by the word is 505.8*^. It is preceded by a silent 
interval of 73.5^. It is followed by an interval of 145.3*^ before any 
trace of the n of the following word appears. 



Fig. 61. 


Beginning;, — The word begins with 7 vibrations belonging to the th. 
These vibrations have a period of 2.5^^ or a frequency of 400. These are 
probably cord vibrations for the same reasons as given in the case of d in 
die, p. 39. The amplitude increases rapidly from zero to 0.2'"'“ at the 
end. 

Immediately after the last vibration of th there follows the first strong 
vibration of the set showing the a form. The beginning of the a is thus 
prompt and loud. 

Fitch, — The successive periods of the cord vibrations in the ai are 
7.0, 7.0, 7.4, 7.0, 6.7, 6.7 which is maintained with slight fluctuatidhs 
to the end of the word. The sudden lengthening of the cord period 
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(that is, -the lowering of pitch) at the start is f)eculiar ; it is«made specially 
so because it is accompanied by a sudden rise in the pitch of the reso- 
nance tone (see below). 

Pomiation, — ^l^he vowel portion of the curve shows throughojut its 
whole length a common character. This character is that of a group of 
resonance vibrations imposed on each of a series of cord vibrations. 
the earlier portion these resonance vibrations are not of equal ampli- 
tude while in the later portion they are very nearly sq. In tiie earlier 
portion there is a strong primary resonance vibration followed by three 
secondary resonance vibrations (making a total of four resonant:e vibra- 
tions) except in the first two cord periods where there are 0!!ffy two siecon- 
daries after the primary (making a total of three). This first portion of 
the curve resembles that of an a but differs in having less difference be- 
tween the primary and the secondary resonance vibrations ; in this fact it 
resembles the typical /. 

At the 40th vibration the number of resonance vibrations has changed 
from four to three, showing a strong initial vibration followed by de- 
creasing ones with a pause before the initial vibration of the next puff. 
The typical a of the preceding examples appears here strongly. 

The i vibrations may be said to begin in the 44th with three resonance 
vibrations of almost equal strength, the initial vibration being slightly the 
stronger. 

In the latter portion there are 3 resonance vibrations to every cord 
vibration ; the curve is that of a weak / of the kind seen in eye, p. 37. 

If these vibrations just mentioned, namely the 40th and the 44th, may 
be considered as limits, the a may be said to occupy an interval of 258.3®", 
the glide an interval of 19.6 and the i an interval of 210.0*^. This 
subdivision, however, is rather a questionable procedure. 

The resonance tone in the first portion 
begins with a period of 2.1*^ or a frequency 
of 476 which immediately rises to 1.7®" or 
a frequency of about 588 in the third vibra- 
tion. The period then changes steadily to 
Fig. 62. 1.9^ at the 40th vibration ; it becomes 2.4*^ 

Resonance lone. at about the 44th and remains^ constant to 

Cord tone. the end. The sudden rise of the resonance 

tone at the start is accompanied by, an 
equally sudden tall ot tne cord tone (see above). It seems tnaural to 
infer* that the resonance cavity of the mouth for the d must have been 
lower than that required for the a. 

There is no trace of a lower resonance tone as described on p. 23. 
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• The changes in the tones of thy are 
sketched in Fig. 62. In general the reson- 
^ ance tone of the a can be said to be one of 
Fig- 63. ' 588 vibrations or approximately as indicated Fig. ^4. 

in Fig. 63, and that of the/ to be of 416 
vibrations or as in Fig. 64. 

Amplitude. — ^The primary resonance vibration on the first cord vibra- 
tion of the ai hjs an amplitude of o.i^""". Up to about the 50th 
cord vibration the amplitude fluctuates between and 0.2"'"’ ; after 

that it gfadually falls to zero. The fluctua- 
tions may bd due to interference of the re- 
sonance vibrations. The course of amplitude 
is indicated in Fig. 65 which is a sketch and Fig. 65. 

not a careful plot like Fig. 15. 

Endmg. — The word ends by a fall of intensity with maintenance of 
the cord tension (p. 31). 

Relation between curve and color. — ^The sound of this word Mj/as taken 
from the record appears to the ear ‘ ^ higher and shorter than the second 
example; varying more in pitch, rising rapidly at first and then falling 
(E. M. C.) ; “high and short when compared with the second one “ 
(E. W. S.). 

The measured* results show a shorter word of higher pitch than the 
second example. There is a slight rise at the start but no fall. The 
following word name is much lower in pitch. 

ai in the word thy (second example). 

The second example of thy occurs in the phrase Thy kingdom come. 
A reproduction of the curve is given in Fig. 66. Most of the work on 
this word has been done by Miss E. M. Comstock. 

The curve for this word shows 6 faint vibrations at the beginning. 
These belong presumably to the th and correspond to the strong vibra- 
tions of th in the first thy^ and of d in die. In contrast with the cases 
just mentioned these vibrations are so weak that little can be said about 
them definitely except that their period is 2.4®". It is just possible that 
they may belong to the first cord vibration of the a ; this is suggested by 
the fact that the period is the same as that of the resonance tone of the 
a. Although the matter is doubtful, we have assigned the beginning of 
the a to the end of these vibrations. 

The ai in this word occupies an interval of loSs^^. It is preceded by 
a silent interval of 2100®:, represented by a period and including possilily 
a short time for the th. It is followed by a silent interval of 324‘' which 
undoubtedly represents the gutteral k. 
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f/^/'/cV/.-T-Begining with a period of 11.9*^ thpcord tone ch|inges slowly, 
reaching 8.4 at the loth vibration, 7.7 at the 20th, 7.4 at t'ne 30th, and 
7.0 at the 60th, which it maintains to the end. 

Fohnation . — The curve of the a differs from most of the cases of the 
ai studied above in regard to the resonance vibrations. The first reso- 
nance vibration for each cord vibration is followed by a second one 
nearly as strong and this by a third one somewhat weaker, whereas 
in the previous cases there was one resonance vibration greatly Exceed- 
ing the rest in amplitude. The curve suggests a more gradual opening 


I 


P'lG. 66. 

of the cords and a less explosive effect ; the cord action in this a may 
be supposed to somewhat resemble that in the i as explained on p. 37, 
There is no strong secondary of the kind described on p. 23. The 
a thus resembles the a in die and thy (above) rather than that in I in 
showing no evidence of a strong lower resonance tone. 

The resonance vibration in the first part of the word shows a period of 
2.4^ It rises to 1.6 at the 20th cord vibration falls to 1.9 at the soth, 
2.2 at the 70th, 2.5 at the 90th, and 3.5 at the end. This curious 
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rise of,the r^onance vibration during the a has not been observed in a*ny 
of the previous cases. The rise and fall are so gradual that it is impos- 
sible to decide on any place as the turning point between them., For 
the §ame reason it is impossible to divide the word into glide^ and /. 
In the earlier portion the typical a form is distinctly seen in the curve 
and in the latter portion the typical i form, but the main portion shows 
a gradual passage from the former to the latter. There is no sudden in- 
crease iiT amplitude as in nearly all the /*s studied. 

The changes in the two tones of ai are indicated in Fig. 67. It will 
be noticed that the resonance tone of the a begins on the same pitch as 
the tone of the d. 



Fig. 67. 
Resonance tone. 
C'ord tone. 


Amplittldc, — The amplitude runs from o. i""" in the first part of the 
word to 0.2""" at the 30th vibration, falls to o.i""" at the soth, in- 
creases to 2.5”'“' at the 70th, maintains this figure to the Soth and gradu- 
ally falls to zero. The change in amplitude is indicated in Fig. 68. 

Ending. — The sound ai ends by a fall of amplitude, the respiratory 
pressure gradually ceasing while the cords are still tense. 

Relation between curve and color. — To the ear this word ‘‘is longer and 
more mellow than the first example ” (E.M.C.) ; “ begins low and rises 
with considerable inflection as compared with the first example ’ * (E.W.S. ). 



Fig. 68. 


The measured results show a very long word, beginning very low and 
rising in pifeh. 

General observations on ai. 

The ai in the cases studied above is to be considered as a union of 
two speech sounds, that is, as a diphthong. ^ 

The family of sounds represented by ai contains many members that 
differ greatly in their characters. This is true of the same speaker on a' 
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single occasion; the changes for different speakers and fc^ the^same 
speaker on different occasions may be left out of consideration at present. 

The .first sound in ai in words like fly^ my^ thy, etc., is genel-ally stated 
to be art a (as in ah') which inclines toward the mixed oe, that is,, the 
vowel sound heard in burn and about it may even shade into the palatal 
/^(as in manyfaty while in some cases it has a tendency to broadening, 
even to o {not) as in the Irish.* These statements all refer to British 
forms of pronunciation. 

The second sound in ai as in ^ is said to be a very open /, something 
between the i in kin and the e in ken.^ 

The diphthong ai cannot contain the vowel / as in keen or / as in kin. 
By holding down the tongue and lower jaw with a pencil it is not possible 
to pronounce either keen or kiUy whereas there is no difficulty in saying I, 
It seems rather to be the vowel sound heard in the last syllable of foxes. 

The sounds given above as the British pronunciation of ai do not, to 
my ear, correctly represent the North Atlantic form as heard in the region 
around New York. In this speech the first sound of ai seems to be a 
somewhat short a (as in father) , Both pronunciation and curve indicate 
it to be like the a in parsony below. A similar judgment by the ear 
has been given by Grandoent.® 

In its first half the North Atlantic ai (as in /, eye) seems to resemble 
the average German ai with a distinct a {father) sound. The -second 
half seems to be different in the two cases. For the sake of comparison 
several cases of ai were examined in some records which were traced off 
with the machine described on p. lo but with a shorter recording lever. 
Various words like eiiiy weissery Eis, ZeiteUy Scheitiy etc., were closely 
studied in the tracings from Record No. 1500, Die Lorelei and Der Fich- 
tenbaum, by W. L. Elterich. When examined under the magnifying 
glass, the a portion of the record showed in most cases curves analogous 
to those in the cases of /, whereas the / portion was extremely weak. 
This peculiarity of the weak i in the German ai and the very strong i in 

' ViETOR, Elemente d. Phonctik, 3. Aufl., 95, loi, Leipzig 1894. 

Sweet, Handbook of Phonetics, 9, Oxford 1877. 

Storm, Englische Philologie, 2. Aufl., 358, Leipzig 1892. 

‘Storm, Englische Philologie, 2. Aufl., 142, Leipzig 1892. 

Lloyd, Speech sounds ; their nature and causation^ Phonet. Studien, 1892 V 263 ; 
also a review on p. 87 of the same volume. 

3 Sweet, History of English Sounds, 21, Oxford 1888. 

♦ViETOR, Elemente der Phonctik, 3. Aufl., 95, Leipzig 1894. 

S'lCORM, Englische Philologie, 2. Aufl., 103, 358, Leipzig 1892. 

Lloyd, Review in Phonet. Studien, 1892 V 87. 

• *Grandgent, English in Afnerica, D, neueren Sprachen, 1895 II 446. 
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"most cases of the Americjyn ai gives the former the effect of oontainiag a 
longer a. * It must be noted, however, that many sounds usually treated 
as the same are really different. Thus the vowel in wciss in Ich weiss 
nicht was soli es bedeuten gives a curve differing greatly in character from 
that of weisser and the other words mentioned above. Again, some of the 
cases of the American ai reported above show a weakening of th^ i 
that indicates a tendency toward the German form. The details of the 
work’ now bein^; done on the German will appear on a future occasion. 

It has been pointed out that the quality of ai is different in a strongly 
accented syllable from what it is in a less accented one, as can be readily 
heard by comparing the two ai\ \xv likewise} This difference is perhaps 
analogous to that found to exist between 1 and the words eye^ die^ fly, 
and thy. 

The two chief sounds of ai are generally said to be joined by a rapid 
glide, which is not acoustically of much effect except to produce the 
impression of continuity.* Yet it has been asserted that such a diph- 
thong consists in an even and gradual change of the vowel from begin- 
ning to end.^ The above analyses show that the ai is not the sum of the 
two vowels a and i but an organic union into a new sound ai. Thus, 
there is no necessary pause or sudden change of intensity or change in 
pitch or even change in character. The later sound shows its influence 
in the.earlier one, and the earlier one keeps its influence far into the later 
one. This is what would be expected on psychological grounds. The 
speaker does not think and speak of two sounds separately but of only 
one ; the execution of this one idea by two distinct processes would be 
unusual. The various degrees of perfection of the synthesis of the two 
elements would correspond to various expressive characters of the resulting 
sound. 

The degree of synthesis of the two elements would be lessened by any 
great or sudden change in intensity, pitch or character of the cord tone 
or the resonance tone. In some of the cases of ai there are greater 
changes than in others. 

In so far as they can be considered to be constant, the resonance tones 
in these cases of the a and the i were found to be as in Table I. These 
results may be compared with those of other observers ; this is done in 
Table II.' 

Visible Speech, 113, London 1867. 

Sweet, Primer of Phonetics, 76, §204, Oxford 1890. 

Storm, Englische Philologie, 2. Aufl., 358, 405, 424, Leipzig 1892. 

* Lloyd, Review in Phonet. Studien, 1892 V 83. 

Storm, Englische Philologie, 2. Aufl., 204, Leipzig 1892. 

^SoAMES, Introduction to Phonetics, 53, London 1891. 
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Table I. 


a 


* 

I^wer resonance tone. 


Upper resonance 

/, \st example 

286 


1000 

I, 2d “ 

286 


1000 

/, 3 d “ 

286 


1000 

/, 4th “ 

286 


1000 

I ( / caught Ms blood ) 

385 


1000 ‘ 

/, prose example 

360 


1000 

£j’e, 

435 


1000 

Dicy 1st example 



1000 ‘ 

Z?/V, 2d “ 



1000 

Ffyy 

Thyy 1st example 

256 

588 

625 

Thyy 2cl 


416 


ly 1st example 

i 

450 



ly 2d ‘‘ 

555 



/, 3 d ‘‘ 

500 



ly 4th 

400 



ly prose “ 

3^0 



Eye 

400 



DUy 1st example 

473 



Diiy 2d ** 

473 



Fly 

400 



Thyy 1st example 

416 



Thyy 2d 

288 




When allowance for the individualities of different speakers is made, 
the two resonance tones that I have found for the a agree quite well with 
the tones found by other observers. The serious differences among these 
observers can be partially explained on the supposition that some have 
found the lower tone and some the upper one. 

Although the i in ai is not the ordinary long f, its resonance tone shows 
some agreement with those of a few observers. TJie higher resonance 
tone noted by other observers was also probably present in the / but it 
was impossible to measure it in the examples studied above (p. 20). 

Particular emphasis must be laid on the fact that the tones in a vowel 
are not constant factors and that the changes they undergo from instant 
to instant are presumably highly important in producing its peculiar char- 
acter. Only two previous investigators have observed the change in the 
cord <:one and no one seems to have suspected a possible change in the 
resonance tone. 
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Table II. 


a 


Power resonance tone. 


Upper resonance: tone. 

a in 




/(E. W. S.) 



b^ 

/(E. W. S.) 

/% d' 


bi 

Eye (E. W. S.) 



b^ 

Rie (E. W. S.) 



b^ 

/ 7 j/*(E. w. e.) 

Thy (E. W. S.) 


di 


fhy (E. W. S.) 




a (Willis) 


d^)?y P 


a (Donders) 




a (Helmholtz) 


d^ 


a (Koenig) 




a (Auerbach) 




a (Trautmann) 




a (Pipping) 




a (Hermann) 




a (Storm) 


C% d\f% 


a (Boekk) 


/% 


ai (Boeke) 
a (Bevier) 


b^ 

bi-e^ 

i in 

i 



/(E. W. S.) 


to 


Eye (E. W. S.) 




Die (E. W. S.) 




Ely (E. W. S.) 




Thy \^. W. S.) 


a^i^, ? 


i (Bonders) 


P 


/ (Helmholtz) 


f+d* 


i (Koenig) 


b* 


i (Auerbach) 


c\p 


i (Trautmann) 

i (Pipping) 

1 

f 


i 

[ c^-d^ 


i (Hermann) 




i (Storm) 


di 


i (I.loyd) 

1 

\ b-^ + 

[ b-\ 4- d- 



The rise of pitch in the cord tone of the vowel a has been observed by 
Boeke' to have extended over more than half a tone in words like Vader 

t 

^Boeke, Mikroskopische Phonogrammstudietty Arch. f. d. ges. Physiol. (Pflilger), 
1891 L 301? 
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(.Dutch)* Marichelle makes the folio wing^observations pn his phono- 
graph records of the vowel a sung on different notes. The J^eriods corre- 
sponding to low tones are divided into two distinct parts ; the intensity 
is feebler in the second half of the period. The gradual modification 
of the character [timbre] under the influence of variations of pitcii op- 
erates almost entirely at the expense of the less intense portion of the 
period ; this second half even disappears little by little.’*^ 

I have observed similar changes in the a of the German ei apd in the 
vowels u and a described below. 

It seems hardly possible at the present moment to specify the positions 
of the mouth corresponding to the resonance tones and their changes. 
Some idea of them may perhaps be obtained in the following way. 
Grandgent’s sections of the mouth for the vowels a and i are shown in 
Figs. 69 and 70. 




The following view of the physiological action of the vocal cavities in 
producing ai in the case studied above is proposed tentatively. The de- 
pressed position of the tongue for the a leaves open a large cavity reach- 
ing from the teeth to the vocal cords ; the uvula offers no great interrup- 
tion. The lower resonance tone of the a may be considered to arise from 
the vibration in this cavity. The upper resonance tone of the a may be 
supposed to arise from the rear resonance cavity, that is of the throat 
cavity from the cords to the slight elevation of the tongue at the uvula. 
As the a changes to i this elevation of the tongue moves forward enlarg- 
ing the rear cavity by including continually more of the mouth ; this 
continuously lowers the upper resonance tone until the tongue comes to 
rest in the typical i position. The variety of changes in the course of 
the upper resonance tone corresponds to individualities of action of the 
tongue in the various cases. In some cases the change from a to i is 
more sudden and definite (Figs. 14, j?i, 27, 44, 62) and in‘others it is 
less definite (Figs. 31, 39, 49, 53) ] in other cases there is even laxity 
and fluctuation in the typical terminal positions (Fig. 66). 

The supposition that the upper resonance tone arises from the cavity 

f M arichelle, La parole d’apr^s le trace du phonographe, 47, Paris 1897. 

sGrandgent, VcTMtl measurements, Publ. Mod. Lang. Ass., 1890 V 148. 
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b*ehind the el/evation of th^ tongue rather than from the one in front pf 
it, although 6pposed to the usual view, does not exclude the presence of 
tones from the front cavity also. In fact these other tones are presumably 
also present though not distinguishable in my records. 

Tfie greater importance of the rear cavity seems to be indicated by the 
following facts. The laying of the finger on the tongue does not ap- 
preciably modify the enunciation of a. When the finger is introduced 
into the jnouth and kept in front of the elevation for the /, it produces 
no appreciable effect ; but when it is pushed beyond the elevation into 
the reaf cavity it changes the sound completely. 

It may be noted that curious relations exist between the tones of two 
succeeding sonants (speech sounds with tones) ; in general it is true that 
the tones of a sonant form approximately musical intervals with a tone 
or tones of the preceding sonant. 

In all cases of ai there is no sudden jump of the cord tone ; the i con- 
tinues the cord tone of the forming with it the easiest musical in- 
terval, a unison. This tone is, however, different in different cases ; the 
cord tone of the a rises to a certain point selected for that of the /. The 
selection of the pitch of the cord tone for the i is influenced by the pre- 
ceding resonance tones of the as may be seen in the following table. 


Tone of 



Tones of the 

a . 


Tones 

of the i . 

d . 

th , L 

Cord, 

Ix)wer 


Upper 





start. 

end. 

resonance, resonance. 

Cord. 

Resonance 

/, 1st example 


56 

250 

286 


1000 

250 

450 

/, 2(1 “ 


83 

250 

286 


1000 

250 

555 

/, 3 d “ 



250 

286 


1000 

250 

500 

/, 4th “ 


III 

286 

2S6 


1000 

286 

400 

/, prose “ 


102 

180 

360 


ICX )0 

180 

360 

Eye , 


400 

160 

435 


1000 

160 

476 

Die , Ist example 

500 

179 

200 



1000 

200 

473 

Die , 2(1 “ 

400 

217 

133 



1000 

133 

473 

Fly , 

526 

160 

204 

256 


625 

256 

500 

Thy , 1st example 

400 

143 

149 


588 


149 ‘ 

416 

Thy , 2d “ 

417 

84 

143 


416 


143 

28S 


In the ist / the cord tone of i is practically identical with the lower 
resonance fone of the a ; the fixed lower resonance tone of the a ap- 
parently furnishes a standard toward which the cord tone of the a rises to 
begin the i. The cord tone is also just two octaves below the upper 
resonance tone of the a. There is no very simple relation between the 
resonance tone of the i and any of the tones of the a. 

In the ^d I the relations are similar to those in the ist /. 
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r In the* 3d I the cord tone of the i is also practically in unison with the 
lower resonance tone of the a and also at two octaves below the upper 
resonance tone. The resonance tone of the i is just an octave below the 
upper ^ne of the a. 

In the 4th I the relations are practically as in Ihe previous one except 
for the fact that the resonance tone of the i is two and a-half octaves be- 
low the upper resonance tone of the a. 

In the prose / the cord tone of the / is an octave ^below the lower 
resonance tone of the a while the resonance tone of the i appears as a 
continuation of the lower resonance tone of the a with no simple*relatipn 
to its upper resonance tone. . 

In eye the cord tone of the i is one and a-half octaves below the lower 
resonance of the a and the resonance tone is practically a continuation of 
that tone, with no relation to the upper resonance of the a. 

In die (ist example) the cord tone is five octaves below the upper re- 
sonance tone of the /?, which has no lower resonance tone. It is also two 
and a-half octaves below the tone of the d. The resonance tone of the^ 
i shows no relation to any tones of the although it approximates the 
tone of the </. 

. In die (2d example) the cord tone of the a starts approxitriately an 
octave. below that of the d. No other relations between the various tones 
are apparent. 

In fly the lower resonance tone of the a is an octave below the tone of . 
the /. The cord tone of the ; in its main portion continues theTower 
resonance tone. 

In thy (ist example) the cord tone of the i is approximately four oc- 
taves below the resonance tone of the a and its resonance tone is approxi- 
mately in unison with the tone of th. 

In thy (2d example) the resonance tone of the a is in unison with the 
tone of th. The cord tone of the i is three octaves below this tone. 
The resonance tone of the i is an octave above its cord tone and i 
octaves below the resonance tone of the a. 

Such a relation between successive tones in speech is merely what would 
be expected in a melodious voice. An illustration of a similar relation 
will be found below in the account of the sound ll of the \yord who'll. 

Study of the words Who'll be the parson?" 

In the following phonetic analysis of a complete phrase I have been 
muth assisted by Miss E. M. Comstock. 

The complete curve is given in Fig. 71. It begins with the breath 
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•indicated by the letters wA; this is not the^ound of zaA ip wAicA but*the 
breathing A, 

The aspirate //. 

c 

The first of the series of sounds is heard as an aspirate follov/ed by 
the vowel u. The curve (Fig. 71, line i) shows that it occupies a 
time of 35*^. Its tone has a constant period of 2.8^, or a pitch of 
about 380 vibrations per second. Its amplitude rises from zero to 
a maximum of 0.2"*. It is thus a ‘'crescendo sastaineJ” sound;' 
in particular, a crescendo sustained light breath. The tone of the 
//, as shown by the vibrations in the curve, is a resonance tone aris- 
ing from the passage of the air through the mouth; it is not a cord 
tone. The reasons for considering the vibrations to have arisen from 
a resonance tone and not from a cord ^ne are the following : ( i ) 
such high cord tones are not found in the other sounds produced by this 
speaker ; (2) the vibrations of 2.5*^ are followed by two vibrations of 2.3*^ 
and 2.1^ respectively- and then by the vibrations of the u beginning with 
a cord tone of 6,y and a resonance tone of the tone of 2.5*^ thus 
leads rather to the resonance tone of the u and could with hardly any 
possibility be considered as a cord tone with an instantaneous drop of 
three octaves. 

These results do not agree with the view that the first sound of ivAo^ll 
is a voiceless form of //. The sound A is usually said to arise from the 
breath passing through the mouth already adjusted to the following vowel, 
the cords being open and the resonance tone alone being heard. “ In 
the opinion of some authorities, A has the same position as the beginning 
of the following vowel.**' Most later observers have adopted the same 
view.* According to this view w'e cannot speak of a single A but must 
suppose for each vowel a corresponding A: A'', A\ A'\ A\ A"*, etc., each of 
which has an adjustment of the mouth like that of the corresponding 
vowel and differs from that vowel only in having a noise from the cords 
instead of a tone.* *' Our A combines a noise from the cords (and sub- 
sidiarly a noise in the mouth-cavity) with the mouth position of a vowel. 
The common element in A\ //**, etc., does not lie in the vocalic posi- 
tion of the mouth-cavity, which is really different, but in the larynx at 
the vocal cords, whose position is here a peculiar one, different from 

^Taittirlya PrAtigakhya, ii 47, ed. by Whitney, Journ. Amer. Oriental Soc., 1871 

1X77. 

2 Michaelis, Ueber das H und die verwandtcn LautCt Arch. f. d. Studium d. neue- 
r^ Sprachen (Herrig), 1887 LXXIX 49, 283. 

3 See quotations in Michaelis, as before, 79. 
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that for the loud voice and from that for the whisper voice (7w» 
clandestina') 

A special adjustment of the mouth for h seems to have been first as- 
serted f)y Valentin who remarks: ‘‘The palate, apparently narrowed as 
a whole, is somewhat drawn upward whereas the root of the tongue is 
moderately arched.*** Merkel asserts : “ The whole cavity from larynx 
• to mouth-opening opens or narrows itself at once to the degree required 
•by the following yywel. /I'he tongue however in forming the h does not 
yet assume the position required for the vowel in question. Thus when 
i is to fol/ow it lies lower than the position for this vowel.**® Both these 
and a series of later observers apparently supposed the configuration of 
the mouth to aid in the rough noise of the h. This view is undoubtedly 
partially true as in many cases of h the friction of the air can be felt in 
the mouth. I venture to suggest, however, that the assumption of a 
particular position for the h is for the purpose of giving it a resonance 
tone instead of making more noise by friction ; the curve for ivh in the 
case under consideration shows a resonance period of 2.5*^ as contrasted 
with that of 1.9*^ for the following u. 

Indications of a tendency to give h an independent resonance cavity 
are apparent in remarks by Lloyd. “ h and 0 in hold are successive, but 
they slightly overlap. When such a combination is to be produced, the 
cords instantly leap into a position sufficiently close to cause a slight fric- 
tion. They then close more slowly, until they are planted close together, 
and voice ensues. I'he vowel position has already been assumed, but there 
is no vowel so long as the glottal orifice is still comparatively wide. But 
there is a moment, just before the cords begin to sound, when the glottis 
is narrowed to a whispering position ; and, for that moment, the sound is 
both h and whispered vowel. If ho is whispered, the h is still prior, for 
it begins with a glottal orifice so large as quite to mar the adjusted 
resonance of the 0 vowel-configuration \ and there is no vowel until the 
close position of whisper is reached. When that is reached, it is held ; 
and the whispered vowel itself may be viewed as the mere promulgation 
of the final element of the h. h is therefore really a glide from simple 
Mundund Kehlresonanz (such as is heard in a sigh) to a whispered Anlaut 
of the following vowel, /. ^., from a nearly uniform beginning to a far 
from uniform end.*** 

> Michaelis, as before, 79. 

* Valentin, Lehrbuch dcr Physiologic des Mensclicn, II 291, 1844, quoted Ijy 
Michaelis, as before, 61. 

3 Merkel, Laletik, 72, 1866, quoted by Michaelis, as before, 72. 

* ViETOR, S£leinente der Phonetik, 3. Aufl., 22, Leipzig 1894. 
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t Thereseems to be some conflict between Lloyd’s statement that in the 

f * 

h the vowel position has been already assumed and that it starts from a 
nearly uniform beginning. I would suggest the view that* the h in this 
case ctf wh possesses a definite resonance cavity of its own which njay be 
related to but is yet different from that of the following //. 

T^e most plausible view of the nature of this wh seems to include the 
following points. 

In the first place it is either the glottal fricativ^e pro(^ced by«a narrow- 
ing of the glottal opening sufficient to produce a rough sound without a 
tone, or a sonant fricative produced by a narrowing of the pro’jDer cord 
glottis while the cartilage glottis remains open.' Both views are consistent 
with the fact that a distinct movement of the larynx can be felt with the 
fingers when wh is pronounced. The former view is consistent with the 
curve under consideration, but the latter view is favored by some of the 
other cases of wh in the record studied, which show some slight but not 
quite certain indications of a grouping of the resonance vibrations and 
therefore of the presence of a cord tone. 

The h is considered as a sonant in all Sanskirt treatises. Traces of a 
sonant h have been found in speech curves of the Finnish language. 
The consideration of the vexed question of sonant h must be postponed 
to a future occasion. 

In the second place the h contains at least one tone arising from the 
resonance cavity in front of the cords. This tone I believe to be one of 
a pitch peculiar to //, just as certain tones are peculiar to certain vowels. 
The frequency of the h tone in this h is 400. I do not believe that for 
this tone the mouth is adjusted to the position of the following u with a 
resonance tone of 526, and that the pitch of the cavity is modified by the 
difference in the greater enlargement of the glottal orifice so that the tone 
400 is produced. My reasons for this last statement are : ist, h can be 
sounded alone without giving information concerning the following 
vowel ; 2d, the difference between the opening of the cords for the h posi- 
tion and that for the vowel position is too small to produce such a great dif- 
ference in the pitch of the resonance cavity ; 3d, the assumption that the 
h cavity is the same as that of the following vowel is not supported by any. 
positive proof and in the absence of such proof it is unwise Jo accept an 

^CzERMAK, Ueber d, Spiritus o$per and lews, etc., Sitz.-Ber. d. Wiener Akad., 
math.-naturw. Cl., l866 LI I (2) 630, Anmerk. I (also in Schriften, I 756). 

*Taittiriya l^&tigakhya, i 13. 

®PiFPiNO, Zur Phonetik d. finnischen Sprache; Untersuchtmgen mil Hensen's Sprach- 
zcicJiner, M6m. de la Socidtd Hnno-ougrienne, XIV, Helsingfors 1800. (Review in 
.Deutsche Litteraturzeitung, >900, April 28.) 
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arrangement yivolving an jinticipatory adjustment of the vocal organa 
whereby the Vowel is prepared for before the h is produced. 

The hu glide. 

The aspirate h is followed by two vibrations with periods of 2.3*^ and 
2. 1®" respectively (Fig. 71, line 2). They are resonance vibrations pro- 
duced by the passage of the air through the mouth cavity. They iftight 
with propriety be considered as belonging to the //, from which they 
differ only in period. Yet the change from the h period of 2.5*^ denotes 
the rise pf an impulse toward another sound and, if the concept of a 
glide is to be admitted at all, they are to be treated as a glide. The 
intention shown in the glide is to change the mouth tone from 2.5*^ 
for the h to 1.9*^ for the u. The second of these glide vibrations ends 
suddenly with the puff of air from the first vibration of the cords in mak- 
ing the u. 

The vowel u. 

The word is so short that the ear is not able to attribute any particular 
quality to the vowel. 

The curve for the u (Fig. 71, lines 2 and 3) closely resembles that for 
ai in its general character. The first part shows a rising cord tone and 
a nearly constant but afterwards falling resonance tone. In the latter 
portion the cord tone is approximately constant while the resonance tone 
falls. The change in the character of the action of the cords appears 
clearly also as in al (p. 37). It is, in fact, very evident that this sound 
is really a diphthong with possibly less difference between the two ele- 
ments than in the case of ai. This diphthongal character of the English 
u is well known to phoneticians \ the sound is generally indicated by uw, 
A separation of the sound into its two parts will not be attempted here. 

The curve at the beginning of the u shows a vibration of 6.3®’ from 
the vocal cords acting on a cavity whose period 1.9*^ is not a sub-multiple 
of the cord period. As the cord period is gradually shortened, the reso- 
nance period (remaining the same) steadily modifies the form of the re- 
sultant vibration, and the curve is seen to change its form gradually. 
The relation between cord tone and resonance tone is closely analogous 
to that in the a of ai (p. 19). 

The successive vibrations of the occupy the periods of 6.3, 6.1, 6.1, 

5.6, 5.4, 5.4, 4-9. 4-9> 4-9. 4-9. 4-9. 4-6. 4-6, 4-6, 4.2, 4-2, 4-2, 

4.2, 4.2, 4.2, 4.6, 4.6, 4.6, 4.6, 4.6, 4.6, 4.6, 4.6, 4.6, 4.6, 4.6, 4.6, 

4.6, 4.6*^. The total time occupied by the « is 167*^. 

The u thus shows a sudden tightening of the cords to a tension neces- 
sary for a t«ne with a period of 6.3^ and thereafter a gradual increase of 
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tension to a maximum represented by 4.2', ^fter which there is a fall to 
4.6<^ at which the tone remains constant. 

The resonance tone begins with period of or a frequency of 526. 
For thj? vowel u the following resonance tones have been assig^ned : 
Bonders, p \ Helmholtz, /; Koenig, b \ Auerbach, g - b ^ P \ Traut- 
MANN, /*, g ^ \ Pipping, /#-/#', g ^- b ^\ Hermann, Storm, a \ 

Boeke, d^. My measurements indicate a resonance tone of 526 vibra- 
tions a second, or approximately c^, I have ^ not yet beem- able to 
settle the question of a lower resonance tone. 

This resonance tone is, however, not constant. This is e^ecially 
evident during the last part of the u where the cord tone is constant. 
In this region of constancy the curve steadily changes its form from the 
earlier u form toward the I form ; during the last 8 or 10 cord vibrations 
it is difficult to say whether the curve belongs to the u or the L The 
cord vibrations of the u period persist in their own constant period, 
however, to a point which can be detected. We are thus justified in 
reckoning these vibrations to the u although the mouth cavity has been 
presumably steadily shaping itself for another sound. 

Repeatedly observed facts of this kind have forced upon me the belief 
that the view of a word as composed of a set of fixed sounds with glides 
between them is a somewhat inadequate one. It is derived from the at- 
tempt to get away from the artificial character of spelling but it still 
largely retains that character. The usual view of the word w/wV/ would 
represent it as composed of h — ^glide — u — glide — /. The vocal organs 
are supposed to occupy three distinct positions, the glides representing 
the intermediate positions during the moments of change. 

A somewhat different view seems better fitted to the actual curves. 
The unit of speech is sometimes a phrase, sometimes a word, and never 
a vowel or a consonant unless it is at the same time a word. In speaking 
a word the vocal organs pass through a series of positions of a special 
character without stopping in any one position. Thus the word who> It 
represents a continuous change in the force of expiration following a 
definite plan, also a continuous change in the tension of the vocal cords, 
likewise continuous movements of the parts of the mouth. The force 
of expiration rises from o to a maximum in 35*^ at the end of the h, 
continues with slight fluctuation during in the glide and «, and finally 
dies away at 27 7 with the end of the /. Before the breath begins the mouth 
has adjusted itself to a tone of a period of 2.8<^ ; this position changes 
very slightly during the 35*^ of h] then it makes a rapid change through 
2.3,* 2.1 to i.9<^ in the u, remains constant during 167*^ and rises sud- 
denly to the mouth tone of the I (not determinable here). 
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On speaking the word wMll I perceive apparently contimPous mo\l5- 
ments of the lips and tongue ; they do not assume fixed positions at any 
moment. This would agree with the changes just described. 

The cord tone has a somewhat similar history. It begins with » period 
of 6.3*^ in the u at 39*^ after the beginning of the word ; it rises steadily 
to 4.2<^ and then falls to a constant pitch of 4.6*^ for the latter part of 
the u ; suddenly it rises to 2. for the / and remains practically constant 
for 71*^. 

There are thus at least three distinct but cooperating continuous proc- 
esses following different courses throughout the word, namely, the force 
of expiration, the resonance tone and the cord tone. 

It seems thus somewhat artificial to divide the word who'll into 3 or 5 
sounds ; we may preferably say that for the sake of discussion 5 stages 
in the changing sound may be picked out as typical of the whole 
process. To illustrate by an analogy, we might take single pictures out 
of a series of views of a runner made for the kinetoscope and treat 
the whole movement as made up of a series of positions in which the 
runner remains at rest. This treatment has its advantages for certain 
cases but we should never lose sight of the fact that the true movement 
occurs otherwise. 

This view is not inconsistent with the fact that some of the elements 
of a vocal sound may remain approximately constant for a short time. 
Thus, the pitch of the h is nearly constant — as far as our methods can dis- 
cover — though the intensity is changing, and the pitch of the u is fairly 
constant for a while. 

The liquid //. 

The sound // apparently does not begin suddenly but arises from a 
modification of the u. The ii itself has been steadily changing its char- 
acter from the very beginning ; during its last five or more cord vibra- 
tions it gradually approaches the form of curve that characterizes the //. 
After this point the curve takes the // form which differs completely from 
that of the u at the start (Fig. 71, line 4). As stated above, the explana- 
tion is presumably (i) that the cord tone remains oh the u pitch until a 
certain moment at which it suddenly rises to the I pitch, whereas (2) the 
mouth cavfty begins to modify itself from the u form to the / form 
before the cord tone changes. This is quite in agreement with the 
view that in the English / the back part of the tongue is elevated whereby 
it receives a guttural character * and is in this respect related to u. 

The / shows 34 vibrations with a constant period of 2.1 It occupies 
a total time of 71*^. 

» Literature in Storm, Engl. Philologie, 2. Aufl., 139, Leipzig, 1892. 
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• The form of the vibration steadily changes^as shown in the figure. 

The changes in pitch in this word who'll confirm the 'law deduced 
ioxai (p. 57) to the effect that in a succession of sonants (speech elements 
with tones) the cord tone of a sonant tends to be a multiple or a sub- 
multiple of the cord tone or the mouth tone of the preceding sonant. 

The relations are not exact but only approximate. 'The mouth tone 
2.5*^ of the h is followed by a cord tone for the u having a general ave- 
rage of 5.0*^ or an octave below the former. The mouth tone*of the u 
is followed by a cord tone for the / of pretty nearly the same period 

Such a law is what would be expected in a voice — at any rate in one 
that was not unpleasant — for the human ear finds pleasure in a succession 
of tones whose periods stand in certain relations. Possibly some of the 
explanation of disagreeable voices may be found in the violation of this 
law. 

; In general the curve of this / may be said to resemble the forms given 
by Wendeler' and Hermann and Matthias.*^ 

The / given by Wendeler is a spoken sound ; the figure shows that it 
must have had a falling cord tone and a decreasing intensity. 

The examples of I studied by Hermann and Matthias were sung on 
notes of different pitch. Their analysis showed that these examples all 
contained a tone between /’ and They also found for the lower 
notes also a tone that was the octave of the cord tone and changed with 
it, and for the higher notes a reinforcement of the cord tone itself. This 
reinforcement of a partial tone of the cord tone is not found in the 
vowels studied by Hermann or in the cases of ai considered above except 
in two cases, namely, in the / in the 3d example of / and in fly (see 
list on p. 57). There is apparently some difference in the action of 
the mouth in forming the /. This difference may be felt by singing 
the / on a note of rapidly rising or falling pitch; there is apparently 
a movement of the tongue whereby it is pressed more strongly against 
the palate as the pitch rises. The consequent change in the size of the 
’ resonance cavity m\ght, by the appropriate connection between tongue 
and cord, go. parallel with the change in the cord tone and thus always 
. reinforce one of its partials. 

Our curve does not enable us to make any measurements of the reso- 
nance tones, but its steady change in form while the cord tone re- 

. Wendeler, Ein Versuch^ die Schallbeivegung einiger Consonanten und anderer 
Ger&usche mit dent HensetCschen Sprachzeichner graphisch darzustellen^ Zt. f. Biol., 1887 
Xilll 314, Tafel III, Fig. 21 B. 

* Hermann und Matthias, Phmophotographische Mittheilungen^ Die Curven 
der Comonanten, Arch. f. d. ges. Physiol. (PflUger), 1894 LVIII 255, Tafel II. 
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mains constant shows that the resonance tone or tones change indepen- 
dently. The^tongue probably moves while the cords remain at a constant 
tension. This example of I thus differs from those of Hermann and 
Matthias. . 

The labial Ik 

In the spoken words on the gramophone plate the sound b follows im- 
mediately upon the ll without pause. The speech curve at this point 
(Fig. 71*", line 5) shows no measurable vibrations, the enlargement not 
being great enough to reveal the details of the weak tone of the b. 
The interval occupied is 96*^. 

The vowel i. 

The vibrations (Fig. 71, lines 6 and 7) have constant period of 2.8*". 
They start with an amplitude of o and rises steadily to an amplitude 
of o. At the end they fall to o suddenly in four vibrations (Fig. 
71, line 8). The pitch of the mouth tone could not be determined. 
This / seems a rather weak vowel when compared with the i in ai. The 
sudden ending indicates a quick cut by the following th (see above p. 31). 
The last four vibrations (Fig. 71, line 8) differ somewhat in character 
from the others and seem to indicate a diphthongal ending to the /. 

The sonant post-dental dh. 

As can be heard from the gramophone plate, the i sound in be is cut 
short by the dh of the. This sound appears in the tracing (Fig. 71, 
line 8) as a space with faint waves following immediately on the sudden 
fall of the i vibrations ; the scale of enlargement is not sufficient to give 
definite information concerning the waves of the dh. This sound occupies 
a time of 56*^. 

The indefinite vowel a. 

This vowel follows dh in the. It rises somewhat rapidly to its maximum, 
remains at an even amplitude (Fig. 71, line 9), and drops suddenly to 
o in the last 4 vibrations. It has a pitch of 6.7*^ on an average and a 
maximum amplitude of 0.4™“. The entire vowel contains 12 cord 
vibrations and occupies a total time of 84*^. 

.1 

The ap glide. 

The vowel a of the is cut short by the closing of the lips for p. This 
suddenly reduces the amplitude of the vibrations till they are very faint 
(Fig. 71, line 9), yet the cords continue to vibrate after the closure? as 
may be segn from the faint vibrations (Fig. 71, lines 9 and 10). The, 
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sbund cah no longer be considered to be thee vowel (i and cannot in the 

f • 

usual sense be called a p. It may be treated as a glide although it occu- 
pies /ully two thirds of the interval of ii2‘^ between the a in the and the 
a in person. 

The labial p. 

If the period of sonancy after the is to be considered as a glide, the 

remaining third of the 112*^ may be assigned to the p (Fig. yij line 10). 

< 

The vowel a. 

The word parson appears to the ear (E.W.S.) to have an inflectional 
force of the form indicated in Fig. 72, as often appears at the end of 
questions ; the circumflexion appears to lie in the a and the deep fall to 
be in the n ; this word seems to contain a trace of an r. This word differs 



Fkj. 72. Fig. 73. 


from the same word four lines later (p. 15) which appears to the ear to have 
a deep inflectional tone, at first level and then falling as in deciding a 
matter 3 this is indicated in Fig. 73. This latter word seems to contain 
no r. The word parson is in both cases apparently continuous with the 
word the and would be acoustically written theparsoiu 

The vowel a in this case occupies a period of iSo*^. It is preceded 
by the interval of 112'^ belonging to the p and is followed by a glide of 
12. 

It shows 36 cord vibrations. The pitch rises gradually as shown by 
the following measurements of the successive periods: 6.7, 7.0, 6.7, 
6.0, 6.0, 6.3, 5.3, 5.3, 5.3, 5.3, 5.3, 5.3, 4 - 9 . 4 - 9 » 4 - 6 , 4-6, 4-6, 4 - 6 , 
4.6, 4 - 2 . 4 - 2 . 4-2, 3 - 9 . 3 - 9 . 3 - 9 . 3 - 9 . 3 - 9 . 3 - 9 . 3 - 9 . 3 - 9 » 3 - 9 . 3 - 9 . 3 - 9 . 
3 - 9 . 3 - 9 . 3 - 9 . 4 0, 4-2. 

It contains a constant lower resonance tone with a period of 2.8^ or a 
frequency of 357 (Fig. 35). 

The upper resonance tone is one of about 714 vibrations per second. 

The amplitude rises through the first four vibrations from zero to 0.3““ 
and is maintained at this to the end. 

.The vowel a in parson has undoubtedly a diphthongal character. The 
first portion resembles the a sound discussed above (p. 16) in the rising 
edird tone but differs radically in the falling resonance tone, in which 
respect it is somewhat like the a in die (Figs. 49 and 53). « The latter 



Researches in experimental phonetics. 


69 


portion (Fig., 71, line 13) js related to the earlier portion much as the#/ 
is related to tlie a in ai in respect to amplitude, the lowering of the reso- 
nance tone and the continuance of the cord tone. Although this latter 
portion is not so long as in most cases of ai, the resemblance is suftfcient 
to justify the statement with which this paragraph begins. The sound 
might be written ax where the sign x indicates a brief vowel not yet de- 
termined. It may be suggested that this brief vowel may arise from the 
weakening of the r, whereby a vowel sound partially or completely re- 
places the full r. It seems, however, to be a general rule, that in English 
long votvrels have a diphthongal character. 

The ar glide. 

The sudden fall in amplitude and the change in pitch of the vowel X 
in ax is continued through an interval of 8,8^ in which 3 vibrations 
with a period of 2,4^ appear (Fig. 71, line 13, middle). During this 
time the tongue is presumably passing to the r position. 

The liquid r. 

The very brief r is distinctly heard in the word parson / it occupies a 
time of 63*^ (Fig. 71, line 13 middle to line 14 beginning). 

The r shows clearly 3 pseudo-beats with a period of or a fre- 
quency of 53. The vibrations within the beats are grouped in pairs in- 
dicating a cord tone acting upon a resonance cavity. The period of the 
cord tone is at first constant at 3.5®’ ( frequency 286 ) but falls slightly 
in the third beat. The resonance tone has a period apparently constant 
at 1.4*^ (frequency 714). Still higher resonance tones are probably 
present. The following explanation of this curve is proposed tentatively. 
The r consists of a cord tone with a frequency of 286 acting upon a 
resonating cavity adjusted to a frequency of 714. The tongue is adjusted 
to vibrate with a frequency of 53 ; this vibration of the tongue closes and 
opens the air passage so that the intensity of the sound escaping from the 
mouth is regularly varied from zero to a maximum and again to zero at 
the rate of 53 times a second. 

The pseudo-beats with the cord and resonance vibrations are shown in 
the curves ,by Wendeler* and in those by Nichols and Merritt. 
The German rolled r of Wendeler has a much longer beat period, in 
general over 250®" or ^ sec. ; the Finnish r of Pipping has a beat of ^ 

1 Wendeler, as before, p. 304. 

* Wendeler, as before, Tafel II. 

* Nichols and Merri'ET, The photography of manometric flames. Physical Review 
1898 VII 931 Plates I and II. 
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t(f ii sect* The American rolled r of Nichols and Merritt has also 
apparently a long beat-period as far as can be judged from the pictures. 
The brief r in three examples given by these last observers has apparently 
a shorter beat-period than that of parson. The cord period in Wendeler*s 
examples varies apparently from 2. 3*^ to 3.3*^ (Wendeler's own computa- 
tion of a frequency of 200 or a period of 5*^ can hardly be correct); the 
resonance period lies in the neighborhood of 1.7*^, according to my cal- 
culation from his records. 

The sibilant s. 

This follows directly upon the r. The vibrations in the curve are 
hardly distinguishable and no very definite limit can be set to them. 

The liquid n. 

This follows immediately on s (Fig. 71, line 14 to end). It occupies 
an interval of 197*^. The successive vibrations occupy periods of 4. 2, 3. 5, 
S-1> 3-7. S-3. 4-1. 4-i| S-3. 4-2, 4-9. 4-9. 5-3, S-3» 5-3. 5-3. S-3> 

S-3» S-3« 5*6* S-6> S'3i ^•'1% 6-3> 6.7» 6-7* 7*0, 7-o> 7-o, 7-o> 7-o, 8.4, 
8.8, 8.8, 9.1, 8.8. The maximum amplitude is 0.1°”". 

IV. The nature of vowels. 

To the question, ‘‘What is a vowel?” several kinds of answers may 
be given. 

A vowel may be defined as the sound produced by a certain action of 
the vocal organs. Some specially peculiar position of one or more of the 
organs is usually selected as characteristic. Nearly every writer on pho- 
netics gives a definition whose elements are the positions of the vocal 
organs. Such a definition may be called a “physiological definition of 
a vowel.” 

Another method of defining a vowel consists in giving the physical 
character of the sound of which it consists. This method was proposed 
by Willis who justifies it by the following considerations ; 

“The mouth and its apparatus were constructed for other purposes be- 
sides the production of vowels, which appear to be merely an incidental 
use of it, every part of its structure being adapted to further the first great 
want of the creature, his nourishment. Besides, the vowels are mere 
affections of sound, which are not at all beyond the reach of human im- 
itation in many ways, and not inseparably connected with the human 

organs, although they are most perfectly produced by them ; just so, 

—4 — : : 

I Pipping, ZUr Phonetik d. finnischen Sprache^ M^m. de la Soc. finno-ougrienne, 
•XIV, Helsingfors 1899. 
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musical notea are formed iij the larynx in the highest possible purity and 
perfection, and our best musical instruments offer mere humble imitations 
of them ; but who ever dreamed of seeking from the larynx an explana- 
tion of the laws by which musical notes are governed? These considera- 
tions induced me, upon entering on this investigation, to lay down a 
different plan of operation ; namely, neglecting entirely the organs of 
speech, to determine, if possible, by experiments upon the usual accous- 
tical instruments^ what^ forms of cavities or other conditions, are essential 
to the production of these sounds, after which, by comparing these with 
the various positions of the human organs, it might be possible, not only 
to deduce the explanation and reason of their various positions, but to 
separate those parts and motions which are destined for the performance 
of their other functions, from those which are immediately peculiar to 
speech (if such exist). 

Willis’s idea of studying the physical characteristics of a vowel has 
been developed by a series of later observers, finding its full expression 
in the study of curves of speech by the investigators referred to in Sec- 
tion I (p. 2). In its perfection the ‘‘physical definition of a vowel” 
will consist of a mathematical expression for the course of the molecular 
vibration of the air which it involves. 

A third method of defining a vowel might be proposed, namely, a 
summarization of its mental characters as perceived by the person hearing 
it. This might be called a “psychological definition.” It would con- 
sist in a statement of the pitch of the vowel as heard, whereby reference 
might be made to some standard musical instrument in determining the 
pitch ; also in a statement concerning its apparent intensity ; also one 
concerning its apparent length ; and finally one concerning its expressive 
character. Such definitions have not before been given ; they have been 
crudely attempted in some cases of the vowels I have studied in the pre- 
ceding pages. 

Willis’s theory. 

Probably the earliest well-founded statement in regard to the nature of 
vowels was that of Willis. His line of thought was as follows : 

‘,‘ It is agreed on all hands, that the construction of the organs df 
speech so far resembles a reed organ-pipe, that the sound is generated by 
a vibratory apparatus in the larynx, answering to tjie reed, by which the 
pitch or the number of vibrations in a given time is determined ; and 
that this sound is afterwards modified and altered in its quality, by the 

1 Willis, On vowel minds y ani on reed- organ-pipes y Trans. Camb. Phil. Soc.,^1830 
III 231. , 
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cayities oC the mouth and nose^ which answer to the pipjp that organ 
builders attach to the reed for a similar purpose.” 

Willis fitted a reed to the bottom of a funnel-shaped cavity and ob- 
tained sounds resembling vowels by modifying the opening of the cavity. 
He then tried closed cylindrical tubes of different lengths and found 'that 
different vowel-like sounds were produced by different lengths of the 
tube. His experiments led him to the conclusion that the vowel-like 
sounds are produced by the repetition of one musical note in su^h rapid 
succession as to produce another. ^Mt has been long established, 
however, that any noise whatever, repeated in such rapid succession 
at equidistant intervals as to make its individual impulses insensible, 
will produce a musical note. For instance, let the musical note of 
the pipe be and that of the reed which is 512 beats a second, 
then their combined effect is (S12 in a second) 

in such rapid equidistant succession as to produce r', g” in this case 
producing the same effect as any other noise, so that we might expect d 
priori^ that one idea suggested by this compound sound would be the 
musical note d, 

” Experiment shows us that the series of effects produced are character- 
ized and distinguished from each other by that quality we call the vowel, 
and it shows us more, it shows us not only that the pitch of the sound 
produced is always that of the reed or the primary impulse, but that the 
vowel produced is always identical for the same value of s [the length of 
the pipe]. Thus in the example just adduced,^" is peculiar to the 
vowel [a as in all]; when this is repeated 512 times in a second the 
pitch of the sound is c', and the vowel is A^: if by means of another 
reed applied to the same pipe it were repeated 340 times in a second, 
the pitch would be /, but the vowel still A^, Hence it would appear 
that the ear in losing consciousness of the pitch of s [the length of the 
pipe] is yet able to identify it by this vowel quality. But this vowel 
quality may be detected to a certain degree in simple musical sounds ; 
the high squeaking notes of the organ or violin speak plainly /, the deep 
bass notes < 7 , and in running rapidly backwards and forwards through the 
intermediate notes, we seem to hear the series (/, O, A, E, /, /, E, A^ 
0 ^ 27 , etc., so that it would appear as if in simple sounds, that each 
vowel was inseparable from a peculiar pitch, and that in the compound 
system of pulses, although its pitch be lost, its vowel quality is strength- 
ened.** . . . Having shown the probability that a given vowel 

is merely the rapid repetition of its peculiar note, it should follow that if 
we ean produce this rapid repetition in any other way, we may expect to 
hear vowels. Robinson and others had shown that a quill held* against a 
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toothed wheej, would produce a musical note by the rapid equidistant 
repetition of fhe snaps of the quill upon the teeth. For the quill I sub- 
stituted a piece of watch-spring pressed lightly against the teeth of the 
wheel, so that each snap became the musical note of the spring.^ * The 
spring being at the same time grasped in a pair of pincers, so as to ad- 
mit of any alteration in length of the vibrating portion. This system 
evidently produces a compound sound similar to that of the pipe and the 
reed, and an alteration in the length of the spring ought therefore to pro- 
duce the same effect as that of the pipe. In effect the sound produced 
retains iihe same pitch as long as the wheel revolves uniformly, but puts 
on in succession all the vowel qualities, as the effective length of the 
spring is altered, and that with considerable distinctness, when due al- 
lowance is made for the harsh and disagreeable quality of the sound 
itself.** 

Thus Willis maintains two theses: i. that a vowel consists of [at 
least] two tones, a cord tone and a mouth tone \ 2. that the mouth tone 
is independent of the cord tone in regard to pitch. 

The first of these theses led to attempts to determine the pitch of the 
mouth cavity ; the results will be considered in Section V below. 

The second thesis was for a long time entirely neglected in favor of 
another one, although, as I hope to show, it is the one that correctly 
represents the facts, 

Helmholtz’s theory. 

According to Helmholtz the vowels arise from the vibrations of the 
vocal cords through the strengthening of certain overtones by the res- 
onance of the mouth. 

We may well suppose, that in tones of the human larynx, as in those 
of other reed instniments, the overtones would continuously diminish in 
intensity with rising pitch, if we could observe them without the resonance 
of the mouth. In fact they correspond to this assumption fairly well in 
those vowels that are spoken with widely opened, funnel-like mouth-cavi- 
ties, as in sharp A or A. i^This relation is however very materially changed 
by the resonance in the mouth. The more the mouth-cavity is narrowed 
by the lips, teeth or tongue, the more prominently its resonance appears for 
tones of very definite pitch, and by just so much more it thus strengthens 
those overtones in the tone of the vocal cords which approximate the 
favored degrees of pitch ; and by just so much more the others are 
weakened.*’^ 

The pitch of the tones for which the mouth resonates best was studied 


1HELMH9LTZ, Die Lehrev. d. Tonetnpfindungen, 4. Aufi., 170, Braunschweig 1877. 
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bf Helmholtz by means of tuning forks hejd before the mouth. • The 
resonance differed for different vowels. 

•‘‘The pitch of the strongest resonance of the mouth depends only on 
the voyrel for whose production it has been arranged, and changes essen- 
tially even for small changes in the character of the vowel as for example 
in various dialects of the same language. On the other hand the res- 
onances of the mouth are almost independent of age and sex. I have 
found in general the same resonances for men^ women and children. 
What is lacking to the childish and female mouth in capacity can be 
easily replaced by narrower closure of the opening, so that the resonance 
can still be as deep as in the larger male mouth.*’ 

According to Helmholtz “the vowel sounds are different from the 
sounds of most musical instruments essentially in the fact that the strength 
of their overtones depends not only on the number of the overtone but 
above all on its actual pitch. For example, when I sing the vowel a or 
the noteE#, the reinforced tone is or the 12th one, and when 1 sing 
the same vowel on the note it is the second one.”' 

This view of Helmholtz necessitates the assumption of an accommoda- 
tion of the resonance tone to the voice tone within quite a range ; thus 
as the voice tone rises or falls the mouth must also change its tone or be 
able to extend its resonance to a considerable degree. This assumption 
was made by Helmholtz, the range of accommodation being supposed 
to extend over as much as an interval of a fifth in music each way from 
the tone of best resonance. This view has been called the “accom- 
modation theory.” According to this theory the mouth must accommo- 
date itself to one overtone of the voice tone and when this rises or falls to 
a considerable degree it must readjust itself to some other one in order to 
keep the resonance tone within a limited range. 

The difference between the theories of Willis and Helmholtz lies 
chiefly in the relation between the mouth tone and the voice tone ; for the 
former there was no relation, for the latter the resonance tone was one of 
the overtones of the cord tone. 

“Willis’s description of the acoustic movement in the vowels doubt- 
less coincides closely with the truth ; but it gives only the manner in 
which the motion occurs in the air, and not the corresponding reaction 
of the ear to this motion. That even such a motion is analyzed by the 
ear according to the laws of resonance into a series of overtones is shown 
by- the agreement in the analysis of the vocal sound when it is executed 
and by the resonators. 

^ Helmholtz, as before, 191. 

> Helmholtz, as before, 191. 
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Helmholtz also devised^an apparatus of electric tuning forks and pro- 
duced so\fA~like sounds by combining a fundamental tone with different 
sets of overtones. 

Helmholtz was greatly influenced in his theory by his views ,o*f the 
action of the ear. The hypothesis that all regular vibratory movements 
reaching the ear are analyzed by it into a series of harmonics of the fun- 
damental period is an assumption that seems to lead necessarily to the 
Helmholtz theory. 'J'his assumption, however, we must disregard at 
the present time; the problem concerns the nature of the vibratory 
movemfent characterizing a vowel and the solution must be found in an 
unbiased analysis of the vowel curve ; the question of how the ear acts is 
a later one. 

PippiNG*s^ work with Hensen’s instrument (see above, p. 4) led him 
to the following conclusions. 

** In agreement with Helmholtz I have found that each vowel is dis- 
tinguished by one or more regions of reinforcement of constant pitch. 
The intensity of its partial tone is, cceteris paribus^ greater as it coincides 
more accurately with the range of reinforcement. 

In regard to the range of the reinforcement I cannot agree with 
Helmholtz. Helmholtz indeed states that the range can be different 
according to the opening of the mouth, the firmness of walls of the oral 
cavity, etc. But he lays so little weight on this difference that he does 
not attempt to use it in the characterization of the different vowels. To 
judge from page 183 of the Lehre von den Tonempfindungen Helmholtz 
thinks that the range of reinforcement must extend in general at least a 
musical fifth above and below, and this is certainly not the case. 

“ Sung vowels contain only harmonic partial tones. * ’ That is, a vowel 
produced by singing consists of a series of tones whose vibrations stand 
in the relations of i : 2 : 3 : 4 : 

‘‘ The intensities of the various partial tones do not depend to any es- 
sential degree on their ordinal numbers.’* That is, in distinction to 
most musical instruments it is not the fact that the first partial is much 
the stronger and that the higher partials are in general weaker. 

‘‘The various vowels differ from each other in ranges of reinforcement 
which are qf different numbers, width and position in the scale of pitch.” 
That is, one vowel may have two ranges of reinforcement, another three, 
etc., and these ranges may differ. 

On a later occasion * Pipping believes that the range of accommoda- 
tion may exceed even the limits allowed by Helmholtz. 

* Pipping, Zur Klangfarbe der gesungenen Vacate^ Zt. f. Biologie, 1890 XXVII 77^ 

*PiPPlNft, Zur Lehre von den Vokalkldngen^ Zt. f. Biologie, 1895 XXXI 573, 583. . 
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Comparison of the two theories. 

The two conflicting theories require a decision concerning their 
validity. 

Amolhg the results that support the view of Willis we may notice those 
obtained by Bonders with the Scott phonautograph.' 

Each of the fourteen vowels when sung on a constant tone produces 
a constant curve. . . . For each vowel the form of the curve changes 
with the pitch. This result is connected with *che peculiarity of the 
vowels, that their timbre is determined* not by overtones of ascertain 
order to the fundamental, but rather by overtones of a nearly constant 
pitch.’* 

This last statement implies the fact that if the resonance tones of the 
mouth were overtones of the voice tone bearing a definite relation to it, 
such as ist, 2d, the curve would remain the same in form no matter 
what the pitch, just as the curve of vibration for a violin string has a 
typical form which persists in spite of changes in the pitch of the string. 
On the other hand if the tone of the mouth is a constant one, as Willis 
assumes, the combined vibration produced by the voice tone and the 
mouth tone would change for any change in pitch of the voice tone. 

Hermann’s investigations were carried out by transcribing the curves 
of song from the phonograph. * He finds that the essential fact in a vowel 
is the intermittent or oscillatory blowing of the mouth tone by the voice. 
Under such circumstances it makes no difference whether the resonance 
tone coincides with any fraction of the voice tone period or not.* Her- 
mann thus supports the theory of Willis in asserting that the mouth tone 
is completely independent of the voice tone. To this statement Her- 
mann adds that of the intermittence of the voice tone which seems never 
to have been suspected by previous observers. This new fact of inter- 
mittence appears much more clearly in my curves of the spoken a (see 
Figs. 7, 17, 30) than it does in Hermann’s curves of the sung vowels. 
Hermann believes that this intermittence is essential to the production 
of a vowel and that merely adding a constant tone to a complex of tones 
does not give a vowel.® This intermittence, however, occurs only in 
some vowels of low pitch, as in the first portions of the cases of a just 
mentioned ; it does not occur in the /. Even in the latter poVtion of my 

> Bonders, Zur Klangfarbe der Vacate, Annalen de Physik u. Chemie, 1864 CXXIIl 
528. 

2 Hermann, Phonophotographische Untersuchungen, Archiv f. d. ges. Physiol. 
(PflUger), 1890 LXXIV 380, 381. 

9 HERMANN, Weitere Untersuchungen U, d, Wesen der Vacate, Archiv f. d. ges. 
Physiol. (Pflttger), 1895 b>XI 192. 
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cases of a it \s hardly proper to speak of intermittence ; the piressiire jn 
the wave frofh the voice tone is not evenly distributed throughout the 
period, but ithere is nothing resembling intermittence. Even in Her- 
mann’s own curves for i as shown, for example, in one of his lat^f pub- 
lications,^ there is no such intermittence. 

According to Hermann each vowel has one or two fixed mouth tones 
whose pitch varies within narrow limits if at all ; these tones he calls 
‘‘ Formants.” Thus, the vowel « when sung by a certain person con- 
tains not only the voice tone but also one or two mouth tones ; these 
mouth tones are the same when the same vowel is sung at different pitches. 

Hermann has objected to the overtone theory of the mouth tone that 
in many voices the formant is so high above the voice tone that it cannot 
be supposed that an overtone of that pitch could possibly be present. 
Thus as the voice -tone G the vowel / has a strong mouth tone that would 
correspond to the 28th or 29th partial of the voice tone, whereas such a 
high partial, if present at all, would be too weak to be heard. 

A final decision in the case of the vowel a can, 1 believe, be estab- 
lished on the basis of the curves described above in Section I. The inde- 
pendent tone theory is certainly the only one that will account for this 
vowel. In the first place the vowels studied were spoken vowels and were 
open to none of the objections that may be made against sung vowels. 
In the second place the resonance vibrations can be seen starting at reg- 
ular intervals and dying away completely in some instances and less com- 
pletely in others within a single period of a voice tone. Again, the reso- 
nance vibration can be seen to remain of constant period while the voice 
tone rises through a distance of several octaves within one single vowel. 

In the face of such conclusive evidence it is hard to see any point in 
which the decision in favor of the theory proposed by Willis and de- 
veloped by Hermann can possibly be attacked. It is natural to assume 
that a theory found to be valid for one vowel will be valid for all ; it is, 
of course, possible that other laws may hold good in other vowels, but 
until this possibility is proven we can treat all vowels on the independent- 
tone theory. 

The noise theory. 

Another! view of the way in which the resonance tone is aroused re- 
sembles an older view of the action of organ pipes. “ The concomitant 
resonances [mouth tones] which create or constitute vowel quality are 

1 Hermann, Weitere Untersuchungm iiber d. IVesen der Vacate^ Archiv f. d. ges. 
Physiol. (Pflilger), 1895 LXI Tafel V. 

* Hermann, Phonophotographische Untersuchungen^ Arch. f. d. ges. Physiol. (Pflil- 
ger), i894iLVIII 274. 
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apimatedf primarily and essentially, by the irregular noises which issue, 
together with the vocal tone from a speaking or singing glottis, but with- 
^/// it from a whispering one. Some of these are always found capable 
of affb/ding just the appropriate impulse, and of kindling the resonances 
of the configuration [mouth cavity].** * This view is undoubtedly cor- 
rect as far as whispered vowels are concerned, but it can hardly be sup- 
ported for spoken vowels. In one respect the case is analogous to that 
of an ordinary resonator ; by blowing against the opening or by tapping 
the walls the tone of the resonator can be faintly heard. Thus, m whis- 
pering, the vowels can be produced with faint tones. These faifit tones 
are, however, quite different affairs from the strong mouth tones of 
spoken vowels although they may be of the same pitch. In speaking 
there must be a stronger force to set the mouth cavity in vibration than 
the faint noises that accompany the cord tone ; otherwise the mouth tone 
would be quite overpowered by the cord tone and there would be no no- 
ticeable difference between vowels spoken on the same note. Moreover, 
noises seem to have no power to arouse strong resonances ; thus the noise 
of j, though loud and produced directly on the edge of the resonance 
cavity, does not produce any marked resonance vibrations (p. 70). The 
force that sets the mouth cavity in vibration can only come from the cord 
tone and the ‘‘ noise theory ** of vowels may be definitely laid aside. 

Observations on the nature of spoken voivels. 

Previous investigators have had in mind almost exclusively the vow- 
els sung on musical notes. It has been universally assumed that the 
spoken vowels do not differ essentially from the sung ones. Thus Her- 
mann says, ‘‘The difference between sung and spoken articulation lies 
exclusively in the fact that the pitch, intensity and duration of the syl- 
lables — or more accurately, of the vowels — are governed in song by 
melody and rhythm and in speech by the laws of emphasis according to 
meaning and arrangement. In a single vowel there can thus be absolutely 
no difference between song and speech.*' * 

My investigations show, I believe, that this view is erroneous. 

In the first place the voice tones of spoken vowels are seldom of con- 
stant pitch. Some are nearly constant in pitch, some fluctuate, some rise 
and fall in various simple or complicated ways. I have looked over hun- 
dreds of vowels in the records and find that there is a typical tpne for the 
whole discourse which occurs in a majority of the vowels, while the others 

1 Lloyd, Speech sounds : their nature and causation, Phonet Stud., 1890 HI 277. 
‘Hermann und Matthias, Phonophotographische Untersuchungen, Archiv f. d. 
ges. Physioi. (Pflttger), 1894 LVIII 258. 
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have quite deferent tones. ^ Many of the vowels are fairly constant, bjit 
many dlhers ^ary. Indeed, it is just such changes and fluctuations in pitch 
and also in intensity that enable the voice to express the character of the 
thought. Without these changes the speech would be a monotbnous 
sing-song resembling the speech of the deaf who have been taught by the 
oral method. When words are sung, they lose most of their character ; 
speech is capable of expressing by its modulations the various emotions 
and conditions of the individual, whereas the singer has few resources at 
his command. * 

In the second place vowels have certain characteristic laws of pitch 
and intensity in certain positions. Thus the a of ai in my curves begins 
practically at zero in both pitch and intensity. The i has a nearly 
constant pitch with a slight fall, and a peculiar rise and fall of intensity. 
Presumably we shall at some time be able to determine the analytical ex- 
pressions for the vowels and shall find that their properties follow definite 
laws. 

It is interesting to note that this change in pitch in the spoken vowels 
has so generally escaped notice. I know of only one recorded observa- 
tion that might refer to the subject. 

Aristoxenus,^ in discussing opposes to 

xv^vjoti StaoTrjfjLauxij. The first term may^be translated as change in 
pitch of the voice,** the second as “ continuous change,** and the last as 

change by steps.** The continuous change he considers to be charac- 
teristic of speech as opposed to song. ‘‘ Now the continuous movement 
is, we assert, the inovement of conversational speech, for when we con- 
verse the voice moves through a space in such a manner as to seem to rest 
nowhere.** * It is not quite clear to me what he means by “ continuous 
change. * * If he had definitely in mind the change in pitch of a vowel 
within itself, he certainly furnishes an example of most precise hearing 
and careful observation whereby he anticipates a result arrived at later 
only by careful experimental methods. I am somewhat inclined to doubt 
that he had in mind anything more than the general observation that in 
speech the voice rises and falls irregularly, yet the special statement that 
the changes are continuous necessarily involves the changes within single 
vowels. 

One of the niost curious facts observed in the vowels studied in the 
previous section is the change, of the resonance tone. The pitch of the 

1 Aristoxenus, ^armonica, I J 25, p. 8, Meib. The passages are collected in John- 
son, Musical pitch and the measurenfent of inienalsy Thesis, Baltimore 1896. 

> Aristoxenus, Hannonica, I J 28, p. 8, Meib., quoted in Johnson, The motion Oj 
the voice itmthe theoiy of ancient music^ Trans. Amer. Fhilol. Assoc., 1899 XXX 47. 
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resonance tone is frequently not a fixed one but one altered according to 
some law. In most of the cases of the a it begins to change in tfie latter 
portion ; in the i it is frequently constant but often falling. * 

To Jhe foregoing account of vowels it is necessary to make some addi- 
tions. The most important one is the statement that a vowel is not a 
fixed thing, but a changing phenomenon. There is no such thing as a 
vowel a with a definite character under all circumstances. Even for the 
same speaker there are continual changes and variations in this vowel. 
For different speakers, for different dialects and for different languages 
the changes become so great that the a finally has little resemblance to 
the one chosen as a standard. We may say that a large number of our 
speech sounds may be classed together by a more or less close resemblance 
and may be designated by the term a„ A similar statement would hold 
good of any speech sound. 

The changes from a take place in all directions, in voice tone, in 
mouth tone, in length, etc. By selecting examples properly a continuous 
series can be made of forms whose members differing but little from their 
neighbors, reaching from a to any of the other vowels. For example, 
between a typical a and a typical o all the intermediate vowels may be 
found corresponding to the position of the mouth between the a position 
and the o position. ** In no language or dialect are the sounds which 
pass current for one and the same vowel absolutely identical. They vary 
perceptibly in individual use : and hence ... a vowel is not one single 
definite sound, but a group of more or less closely resembling sounds 
which in a given speaking commuity pass current as one vowel. There 
seems to be no practical limit to the range of this wandering so long as 
the sounds employed do not actually overlap those of any other vowel 
which happens to be used in tHe same language.*^* 

Mechanical action in producing vowels. 

Although it may be regarded as settled that a vowel consists of a cord 
tone with its overtones and one or more resonance tones from the mouth 
and possibly from the pharynx,* there still remains the physical problem 
of the method in which the cord tone arouses the resonance tone. 

The mouth cavity with the pharynx and vocal cords may b^ considered 
as a pipe with membranous reeds. The theory of its action will be 
similar to that of an ordinary reed organ pipe. 

Each vibration of the reed sent a wave of condensation and rarefaction 
along the pipe. When the pipe is of Such a length that this wave is re- 

1 Lloyd, Speech sounds: Their nature and causationy Fhonet. Stud., 1890 III 254. 
. > Lloyd, brief note in Froc. Brit. Assoc. Adv. Sci., 1891 796. 
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ffected back in such a way as to reinforce the vibration of tha reed, t^e 
resonaifce tone is a loud one. Thus, when a properly adjusted resonator 
is placed behind a vibrating fork the tone of the fork is strongly reinforced. 
The reinforcement is also strong when the resonator coincides ip ‘pitch 
with an overtone of the reed. 

Such a coincidence between the periods of the pipe tone and the reed 
tone is not necessary. Each impulse from the reed may be considered as 
striking the pipe with something of the nature of a blow, whereby the 
proper *tone of tfie pipe itself may be aroused for an instant. The pipe 
may thus have its own pitch and be heard, no matter what relation there 
may be between it and the pitch of the reed. When the blow from the 
reed is rapidly repeated, both the reed tone and the pipe tone will be 
heard. 

Such a method of producing resonance tones has been declared to be 
impossible hy Hensen,^ who remarks that air from a reed pipe cannot 
arouse a resonance tone. The experiment on which he bases this state- 
ment consisted in placing a resonator at the end of a reed pipe. At a 
certain pressure of air the pipe sounded its own tone, at a different pres- 
sure it was silent. The resonator sounded only when the pipe was silent. 
Nevertheless there were occasions when both the pipe tone and the res- 
onance tone appeared together ; these were called by Hensen unsuccess- 
ful experiments. We ought perhaps to call them rather the successful 
ones. 

To these experiments and deductions Hermann replied that a labial 
pipe can be used to sound a reed pipe, and some experiments were made 
to demonstrate the fact.'^ I have attempted in another way to show that a 
series of puffs of air of any periodicity may be used to soupd a labial pipe 
of any pitch. 

A disc with its edge cut into waves forming approximately a sine-curve 
was rotated by an electric motor at any desired speed. Its edges passed 
between the ends of two pieces of rubber tubing so arranged that the air 
blown into one of them passed directly into the other one if the waves of 
the disc permitted ; the position was so chosen that the waves of the 
disc regularly interrupted the air current completely. The end of the 
rubber tubing was flattened and placed so as to blow against the edge of 
a piece of firass pipe stopped at the other end. The experiment began 
with the disc at rest. A current of air was blown through- the tubing ; 
the pipe gave forth a tone. The disc was then set in rotation ; the tone 

1 Hensen, Die Harmonie in den Vocalen, Zt. f. Biol., 1891 XXVIII 39. ^ 

* Hermann, Weitere UntersuchungenU. d, Wesen d. Vocaley Arch. f. d. ges. Physiol. 
(Pfliiger), Jggs LXI 195. 
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of the pipe was regularly intermitted. As the disc moved faster, this in-, 
tennittence became more rapid. Finally, the intermitteAce it&lf was 
heard as a tone in addition to the pipe tone. Thus an intermittent air 
current, such as is employed for producing tones directly, can be used 
to produce a pipe tone in addition. 

I have even succeeded in arousing the resonance of a closed tube by 
blowing through an artificial larynx. The artificial larynx was made by 

binding a piece of^thin soft rubber 
around the end of a glass tube. Two 
opposite points of the thin-waHed rub- 
ber tube thus made were each caught 
between the thumb and finger; the 
tube was then stretched till the sides 
come together. A blast of air through 
the tube set these edges in vibration 
and produced a tone. By placing the 
edges at the right spot over the mouth 
of a bottle or a test-tube or a key 
(Fig. 74) the resonance tone of the 
latter could be distinctly heard. 

When the edges of the artificial 
larynx are properly placed against tlfe 
opening of a small tube such as the 
hole of a door-key, the tone of the key 
is heard loudly in addition to that of 
the artificial larynx. The pitch of 
the larynx tone may be altered at will. 
This experiment illustrates with great vividness the method in which 
vowels are actually produced in the vocal organs. 

It is not so easy to arouse a tube of low pitch such as a bottle in this 
way, because the volume of air passing through the artificial larynx is not 
large. 

It can thus be regarded as definitely settled that the current of air from 
a reed can be used to arouse a resonance tone in a cavity properly ad- 
justed to receive the air. The Willis theory of vowel production is 
therefore at least a physical possibility. 

To this statement we may add that the reed tone and the resonance 
tone may vary independently of each other, but that the resonance tone 
is loudest when its pitch is higher than that of the reed tone. 

Willis’s view- of the way in which the resonance tone was superimposed 
• on the reed tone is very explicit. According to Euler, tf a single 
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pulsation be excited at tht^ bottom of a tube cldsed at one eifd^ it wiU 
travel to the mouth of this lube with the velocity of sound. Here an 
echo of the pulsation will be formed which will run back again, be re- 
flecteji from the bottom of the tube, and again present itself at the mouth 
where a new echo will be produced, and so on in succession till the mo- 
tion is destroyed by friction and imperfect reflection. . . . The effect 
therefore will be a propagation from the mouth of the tube of a succession 
of equidistant pujpationji alternately condensed and rarefied, at intervals 
corresponding to the time required for the pulse to travel down the tube 
and bac*k again ; that is to say, a short burst of the musical note corre- 
sponding to a stopped pipe of the length in question, will be produced.’*' 

The true view of the action of the mouth in producing a resonance tone 
seems to be the following one. The sudden puff of air from an explosive 
opening of the cords may be considered to act as a piston compressing 
the air before it in the mouth cavity. The air acts as a spring by its re- 
sistence to compression and drives the piston back beyond its position of 
equilibrium \ the resistance to dilatation draws it back, and so a vibratory 
movement is set up. Under these circumstances the air acts merely as a 
spring ; the form of the cavity is immaterial and the period of vibration 
remains the same, provided the capacity be not varied. The single im- 
pjjlse of the piston thus makes the resonator a source of vibration, whose 
period remains practically constant but whose amplitude steadily dimin- 
ishes from loss of energy mainly by communication to the external air. 
Such vibrations are seen in the curves for a in Section II above. This 
statement is an adaptation of that given by Rayleigh for resonators in 
general. 

The question arises as to the period of the tone thus produced by the 
resonator. 

There are cases in which the Helmholtz view of the action of the 
mouth cavity might seem to have a possibility of correctness. If we as- 
sume (i) that a uniform condition has been attained, (2) that the natural 
period of the resonator does not differ greatly from that of the cord 
period, and (3) that the cord vibrations are of not too explosive a nature, 
it follows that the effect of the resonator can only be to modify the in- 
tensity and phase of the partials of the cord note. The partial or par- 
tials nearest to the natural periods of the mouth cavity will be rein- 
forced and they can be found from the cord by the Fourier analysis. 

Under the assumptions made above the vibration of the resonance 
cavity is a forced one, and the conclusion concerning the section of the 


1 WiLLis^a» before, 243. 
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mouth cavity is necessarily correct.^ The hrst and second assumptions 
made above have been explicitly stated by Rayleigh, who concludes 
that both the Willis and the Helmholtz ways of treating the action of 
the mouth cavity are legitimate and not inconsistent. ‘‘ When the 
relative pitch of the mouth tone is low, so that, for example, the partial 
of the larynx note most reinforced is the second or the third, the analysis 
by Fourier’s series is the proper treatment. But when the pitch of the 
mouth tone is high, and each succession of vibrations occupies only a 
small fraction of the complete period, we may agree with Hermann that 
the resolution by Fourier’s series is unnatural, and that we may' do bet- 
ter to concentrate our attention upon the actual form of the curve by 
which the complete vibration is expressed.”* The two forms of treatment 
imply that the resonance tone is to be considered in the one case as a 
free vibration of the air in the cavity, and in the other case as a forced 
vibration. Some cases of the i (Figs. 44 and 53) may be reconciled 
with the HEi.MHOi/rz view, the resonance tone being an overtone of the 
cord tone and changing with it. The cases of a and most of those of / 
are decidedly inconsistent with the overtone theory. Possibly the vari- 
ation from the overtone theory arises from the explosive manner in 
which the cords open. The general description of their action for a 
probably holds good even when the resonance tone is only about an 
octave above the cord tone \ each puff of air is stronger at the start and 
fades away, setting the air in the resonance chamber into free instead of 
forced vibration. This general characteristic can be traced in each a 
even to the point where the resonance tone is slightly less than the 
octave of the cord tone, as in Fig. ii. We are probably justified in con- 
cluding that the Willis theory of the production of vowels holds good 
universally. 

V. The mouth tone in vowels. 

Bonders sought to determine these tones by noting the pitch of the 
mouth cavity when the various vowels were whispered.* 

Helmholtz and Auerbach * by holding tuning fdrks before the 
mouth when it had been fixed for a certain vowel have found those whose 
tones are most strongly reinforced. The mouth acts as a resonator and the 
tone most strongly reinforced is that to which the mouth is tuned. The 

1 Rayleigh, Theory of Sound, J 48, 66, 322k, 397, London ; 1894, 1896. 

* Rayleigh, as before, § 397. 

®Dondf.rs, Utber d. Naiur. d. Vokale^ Archiv f. d. holltad. Beitrflgez. Natur. u. 
Hfjlkunde, 1858 I 157. ^ 

4 Helmholtz, Lehre v. d. Tonempfindungen, 4. Aufl., 171, Braunschweig 1877. 

* Auerbach, Vntersuchungm it, d, Natur, des Vokalklanges^ Diss., Bedin 1876. 
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objections arise : that there is no certainty that the mouth is really ip 
the vowel position desired \ and that the mouth may resonate to several 
tones. The adjustment of the mouth may be quite different when no expi- 
ration is occurring from what it is during whispering or speaking qr ’sing- 
ing. ^ At any rate we have no assurance that it is the same. I quite 
agree with Hermann that the only trustworthy determinations of the 
mouth tone are those obtained by actual whispering, singing or speaking. 
Whispered vowels were^ examined by Bonders, Helmholtz and Her- 
mann. 

The pitch of the mouth tone has been studied in a different way by 
Lloyd. The mouth, as an excentric cavity, would naturally have two 
resonance tones : the tone of the porch or narrow front part, and the 
tone of the “ chamber ** or rear part.* A combination of a tube and a 
cylinder can be made to give a vowel-like sound when the sizes are prop- 
erly selected. Lloyd produced various vowel-like sounds and determined 
the tones of the tube and the cylinder. The vowel -character of a sound 
is, according to Lloyd, essentially determined by the relations of pitch 
between these two tones, or among several tones when there are more 
than two. 

Lloyd “ has also mapped out the forms of the mouth cavity involved in 
different vowels and has calculated the tones to which they would res- 
onate. Thus for the vowels in the following words he has calculated the 
resonance tones as indicated : piece 2816, /// 2500, rein 2112, there 1508, 
ina 7 t 1431, half 10^2 y law 834, note 623-444, put 528, blue 314. 

Another method used in seeking the mouth-tone consists in analyzing 
the curve of vibration representing the vowel into a series of curves repre- 
senting simple tones and determining which of these tones above the 
voice tone is apparently the loudest. 

A simple tone is defined as one for which the deviation of the ma- 
terial particle from its position of rest is given by an expression of the 
form 

27r/ 

a sin j, 

where y is the deviation at the moment /, a the amplitude or maximum 
value oiyy and T’the time of one complete vibration of the particle through 
its positive and negative phases. A curve of this kind is called a “ sinu- 

A Hermann, PhonophotographUchcUntersuchungenyKxfyi, f. d. ges. Physiol. (Pfliiger), 
1890 XLVII 374. 

s Lloyd, Speech sounds ; their nature and causation, ^onetische Studien, 1890 HI 
275 i 278; 1890 IV 39; 1891 V 125. 

^Lloyd^Ptoc. Roy. Soc. Edin., March 1898. 
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sgid ” or«a harmonic ” and such a vibration is said to be sinusoidal or 
harmonic. The exact expression for such a vibration must give tHe phase 
from which the values of t are measured ; this is done in 




asm I 


27r/ 

T 




where e indicates the time between / = o and the next preceding moment 
when y ss o, 

A number r of sinusoids superimposed give a vibratory movcQient in 
which 

y=l.:=i <sm . 

It can be proven that any single-valued finite periodic function with 
the period T’can be expressed by a series of sinusoids whose periods are 
T, 772, 773 ••• . This is generally known as Fourier’s theorem.' The 
analysis of such a function into a series of sinusoids is known as the 
Fourier analysis. 

Likewise a number of sinusoids may be added to produce a vibration 
resembling some given curve. Such a synthesis can be performed by 
machines constructed for the purpose, for example, the machine of 
Preece and Stroh* or that of Michelson.® The curves produced by 
Preece and Stroh somewhat resemble the curves of vowels, but so dis- 
tantly that they indicate the impropriety of considering a vowel curve as 
a sum of a series of harmonics. 

A vowel curve gives by the Fourier analysis a series of sinusoids of 
various amplitudes.* Those of greatest amplitude are assumed to be the 
most prominent tones in the complex tone of the vowel. It is also as- 
sumed that the one or more stronger tones after the fundamental are the 
tones of the mouth. 

As an objection to this method we are entitled to say, that the Fourier 
analysis is in this case a means of representing a vibratory movement by 
a formula. We may add that it is nothing more than an interpolation 
formula by which the value of y can be found for any desired instant of 

f 

1 Fourier, Theorie analytique de la chaleur, Ch. Ill, Paris 1822. 

* Preece and Stroh, Studies in acoustics. /. On the synthetic examination of vowel 
soundsy Proc. Roy. Soc. London, 1879 ^^VlII 358. 

^Michelson, a new harmonic analyzevy Amer. Jour. Sci., 1898 (4) V i. 

^ The scheme for the computation and various essential practical devices are given by 
Hermann, Phonophotographische Untersuchungeny Arch. f. d. ges. Physiol. (PflUger), 

.1890XLVII47. 



Researches in experimental phonetics. 


87 


time. It is merely one case of a more general method^ of interpolation 
by a ptriodie series \ it is \hus considered in works on the adjustment of 
measurements.* 

Such an interpolation formula remains simply a mathematical tool un- 
less U is found to express the actual nature of the phenomenon measured. 
It has been assumed by practically all writers, that all musical sounds are 
really combinations of a series of sinusoidal partial tones : for example, 
it can b^e readily demonstrated that a violin string vibrates not only as a 
whole, but also* in hafves, thirds, quarters, etc. It is also presumably 
true that each of these parts produces a sinusoidal vibration of the air. 
Thus, the peculiar tone of the violin is presumably really the sum of a 
series of approximately sinusoidal tones. The Fourier analysis in such 
a case undoubtedly expresses the nature of the tone. 

In the case of sung vowels the assumption that the vocal cords vi- 
brate like reeds, and the further assumption that the mouth acts as a res- 
onator reinforcing one or more of the partial tones of the cord would 
justify the use of the Fourier analysis for finding the partial tones of 
the voice-tone and also the tones reinforced by the mouth, provided these 
assumptions were proved to be correct. 

The vocal cords are certainly to be treated as membranous reeds. In 
the main their vibrations can be supposed to follow the usual laws. 

The other assumption, that the mouth acts also as a resonator to rein- 
force some of the partial tones of the cord vibration, is certainly not 
justified (p. 73). The main effect of the mouth is to impose a vibra- 
tion of its own upon the vibration coming from the cord. The rein- 
forcement of partial tones may possibly be present, but it is certainly not 
prominent. The Fourier analysis would be applicable only if the 
mouth tone were coincident with one of the partial tones of the voice 
tone ; this is, at least generally, not the case in song, as has been indi- 
•cated by Willis, Bonders and Hermann, and is certainly not the case 
in speech as is proven by my curves for a. With a mouth tone not coin- 
cident with a partial tone the Fourier analysis may, in a vowel of con- 
stant pitch, indicate a reinforcement of the nearest partial vibration, or 
it may show reinforcement of the two nearest partials above or below. 
The analysis can thus be used to indicate the approximate pitch of the 
mouth tone in such a case, although it may not coincide with a partial of 
the voice tone.* 

'Gauss, TheoHa interpolationis metkodo nova iractata^ Werke III 265, 1876. 

< Weinstein, Physikalische Maassbestimmungen, I 486, Berlin 1886. 

3 Hermann, Phonophotog’^aphischti Unifrsufhumrm. Arehiv L d. cres. Physiol. 
(PflUger),^894 LVIII 276. 
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.With vawels of changing pitch, as in my examples of a^y attempt to 
apply the Fourier analysis would be an absurdity. In this vowel the 
pitch of the voice tone changes from vibration, to vibration. The analysis 
would be thus utterly different for each vibration and would indicate a 
different mouth tone every time, whereas the reonance vibrations can be 
seen in the curves to remain constant. 

It is an imaginable hypothesis that, since the period of the voice tone 
in a rising or a falling vowel is not the constant T but some value /(/) 
which steadily changes, we might make an analysis into a series of sinu- 
soids whose periods change likewise. We would thus have 


y = < sin 


2Tznt \ 

TTO”'") 


The expression for /(/) would differ for different vowels. Such an 
analysis might accurately represent the case when a musical sound com- 
posed of a fundamental with overtones is reproduced on a phonograph 
whose speed is constantly accelerated. It might also be applicable to the 
analysis of a glide produced on a musical instrument like a violin. The 
curve, however, would be of the same form in each period, which — as 
Bonders first pointed out and I have abundantly shown — is not the case 
in the vowels. 

Other methods of finding the pitch of the mouth tone may be used. 
The method that suggests itself at once is simply that of measuring the 
length of a wave of the mouth tone. This could best be done in my 
curves by measuring the length of a set of waves and dividing by the 
number ; though the measurement could not be made to a finer unit than 
o. i““ this reduces the error for a set of 5 waves to \ of o. 1“™, or 0.02“®. 
This method is applicable only when the vowel curve shows regular vi- 
brations within a single period of the voice tone. When the curve shows 
irregular or complicated vibrations, some other method would be used. 

Hermann has used three other methods ; ( i ) the centroid method, ( 2 ) 
the method of proportional measurement, and (3) the counting of the 
vibrations when they exactly fill one period of the voice tone.^ The last 
method amounts to the same thing as mine for a particular case. The 
proportional method is also practically the same for other cases. The 
centroid method seems to give only approximate results.^ *The term 
‘'centroid^* seems to me preferable to ‘‘center of gravity” used by 
Hermann. 

1 Hermann, Phonophotographische Untersuchungefiy Arch. f. d. ges. Physiol. ( PflU- 
ger)*l890XLVU 359. 

, ’Hermann, PhonophotegraphUcht Untersuchungm, Arch, f. d. ges. FbySlol. '(FflU 
ger), 1893 LIII 51 ; 1894 LVIII 276. 
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Of all the , methods and investigations employed for determining the 
mouth *tone*l!hose of Hermann^ are entitled to by far the weightiest con- 
sideration. n He finds for u two tones, one in the first part of the 
first octave and one in the second octave, for o {au), and a a tone in the 
second octave which rises in pitch as o changes to a, for d and e a tone in 
the second octave and one in the third octave, for 3, ii and i a very high 
tone which is in the middle of the third octave for 3, at the end of that 
octave for u and in the^ fourth octave for/. Thejoctaves are numbered in 
the German fashion, middle c being in the first octave. The resonance 
tones for my examples of a and / are given on pages 55 and 56, and those 
of some other vowels in Section III. 

These data give only the approximate regions in which we may expect 
to find the mouth tone. It is unquestionably true that within these regions 
the mouth tone will vary for different dialects and different conditions of 
speech. 

The mouth tone need not be a fixed one though it is generally so. A 
rise and fall of the mouth tone might readily be used as a factor of ex- 
pression in speech. Several examples of such changes have been given 
in Section II. 

It seems fairly well established that in addition to the cord tone there 
may be several resonance tones from the mouth cavity. Lloyd dis- 
tinguishes at least two : that of the front part of the mouth (the porch 
resonance) and that of the whole mouth (the fundamental resonance).* 
There may be also a resonance tone from the pharynx.® The various 
vowels arise from different “radical ratios between the porch tone 
and the fundamental mouth tone,* while it is possible to change the 
pitch of both to some extent. Various other tones may arise from the 
configuration of the mouth and the coexistence of the tones already 
mentioned.® 

Although Lloyd’s supposition of the possible presence of a number of 
resonances in the mouth cavity ® may be partly justified, yet one of these 
resonances must far exceed all others in prominence in order to produce 
the constancy in form and period of the resonance vibrations seen in the 

1 Hermann, Phonophotographische Untersuchungen^ Arch. f. d. ges. Physiol. (Pflii- 
ger), 1894 Lyill 270. 

* Lloyd, Speech sounds; their nature and causation^ Phonet. Stud., 1890 III 261. 

® Lloyd, Speech sounds; their nature and causation ^ Phonet. Studien, 1891 IV 294: 
also a note in Proc. Brit. Assoc., 1891 p. 796. 

^ Lloyd, Speech sounds ; their nature and causation^ Phonet. Stud., 1891 IV 52. 

^Same, 207. , 

® Lloyd, Speech sounds ; their nature and causation^ Phonet. Stud., 1890 III 261; 
1891 IV 53^ 206. 
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cu/res examined in Section II. It is doubtful if there are more than 
two resonances of the mouth that are of any noticeable streligth / as ex- 
plained above (p. 83) the air in a resonance cavity acts a spring 
whose* period depends on the size while the form of the cavity is imma- 
terial for the chief resonance tone. We must add that, although* the 
additional resonance tones and the overtones of the cord tone may not 
appear in any record, they undoubtedly give characteristic colors to the 
final result. 

The importance of the pharyngeal resonance has been strongly empha- 
sized by Marichelle.^ 

This author maintains the following theses : A, The capacity of the 
buccal resonator does not exercise a characteristic influence on the pitch of 
the vowels. The statement that the mouth cavity in front of the elevation 
of the tongue has no influence is based on an experiment in filling the cav- 
ity of the palate with wax and finding that the vowels O and QU can still 
be pronounced. Compensation for the size of the resonating cavity by 
change in the lip opening is avoided by forming the opening in a card 
placed before the mouth. These experiments seem to me too inaccurate 
and so contrary to our knowledge of the action of resonating cavities that 
we cannot accept them. Moreover, a vowel like O is — to my ear at least 
—distinctly modified in expression by any change of the mouth cavity 
although it still remains an O until the change is a great one. This can 
be conveniently tested by inserting two fingers in the mouth ; the O 
changes in expression and can be readily made into an OC/’by the proper 
manipulation. B, The dimension of the lip opening constitutes only a 
general vague and unstable indication of the vowel. C. The separation 
of the jaws does not sufficiently characterize the vocal sounds. E. The 
displacement of the tongue forward or backward furnishes no precise and 
essential information on the character [timbre] of the vowels. It is 
possible to produce all the vowels with practically any position of the 
tongue. ‘‘ Here again the physiological description, as comprehended 
generally, gives only accessory facts and no characteristic ones.** These 
three statements are true in a vague way but they do not prove that the 
vowel character is independent of these factors ; the vowels undoubtedly 
depend essentially and directly on them. Marichelle*s point, however, 
seems to be that the essential factor is the size of the resonance cavity 
and not its exact form ; and in this he is presumably correct. 

According to Marichelle three distinct regions of the mouth are used 
in forming vowels : i. the anterior tongue-palate cavity ; 2. the pos- 

t 

^Marichelle, La parole d’apr^s le trac6 du phonographe, 27, Paris 18^. 
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terior tongue-plate cavity ; 3. the lip opening. The characteristic topes 
are inAdified by a, the nature of the walls, whether soft or hard ; b, the 
capacity of, the posterior resonator ; c, the degree of opening of the 
tongue-palate orifice ; d, the lip opening. 

Marichelle seems to be quite correct in insisting on the importance 
of the posterior cavity ; it is the one into which the vibrations of the 
cords pass immediately and it undoubtedly acts as a strong resonator. 
It woul^l be somewhat rash, however, to say that the most prominent res- 
onance vibration comes from this cavity. It may be suggested that the 
vowel *is a complex of resonance tones of which the pharyngeal tone 
would be one, the anterior mouth tone another, and so on. 

The assumption of Pipping^ that the chief resonance tone of the 
vowels may be derived from the resonance of the chest seems to have 
little justification. The tone of the chest is a low one — my own has a 
frequency .of about too complete vibrations a second — as can readily be 
determined by singing the scale ; the chest resonance occurs only on 
very low notes. Its low pitch can also be heard by tapping the chest as 
in auscultation. The chest possibly resonates when very low tones are 
sung or spoken, but the pitch of ordinary speech is generally quite above it. 

I believe we shall not go very far wrong if we assume that the entire 
mouth cavity may give rise to one resonance tone, the rear portion 
(pharyngeal) to another and the anterior portion to a third. Such an 
assumption has been made the basis of my attempt on p. 56 to explain 
the formation of ai. 


VI. The cord tone in vowels. 

Simple tones have three fundamental properties : pitch, intensity and 
duration. The so-called ‘‘timber'’ is not a property of simple tones, 
but the resulting effect of combinations of tones. In the present section 
it is proposed to discuss the cord tone in various vowels in regard to 
pitch and intensity. For this purpose only the fundamental tone of the 
vowel will be considered and no regard will be paid to the particular 
form of the curve resulting from the overtones of the cord tone and the 
superposition of the resonance tones. We will also assume that the 
vibration of the cords involves the . usual supposition that the force of 
attraction to the position of equilibrium varies as the distance from that 
position. Irf such a case we can represent the fundamental tone by the 
equation 

2 Ttt 

y = -^(0 siny(>) 

1 PiPPiHG, Zur Phmetik d, finnischen Sprache, M^m. de la Soci^t^ finno-ougrienne, 
XTV, Helsingfors 1899. ^ 
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where /(/) is the expression for the period of the vibratio/i aijd F(J) 
that for the amplitude. In this general expression the perfod and the 
amplitude may be constant or may vary with the time. 

The pitch function. 

A vowel during whose course the pitch remains constant can be said to 
be of “ sustained** pitch. If T’is the period of vibration of the cords, 
we have in the ideal case 

y = F(f) sin 

Vowels of sustained or constant pitch are not very common in the 
9ises I have studied. Most vowels seem to rise or fall, yet some of them 
are approximately constant. The vowel i as found in see^ needle^ ai, etc. , 
is approximately a sustained vowel although it generally falls slightly. 
The following measurements of / in see are typical : 2.3, 2.3,* 2.4, 2.4, 
2.8*^ ... to the 22d vibration, 2.4*^ to the 42d vibration, 2.1*^ to the end 
at the 64th vibration. 

The rather unusual case of two vowels of sustained pitch forming a 
diphthong is found in the word my of the phrase With my bow and cirrow. 
The (z has a constant period of 5.6*^ and the i that of 3.6®^ . The a has 
also a constant amplitude of 0.4*®®; the/, beginning with 0.5*"*", falls 
to o as usual in ai at the end of a word (see Section II.). 

The diphthong ai is of nearly constant pitch throughout most of its 
length in the two cases of thy (Figs. 62, 67). 

Nearly all vowels in the earlier parts of words in the record studied (p. 
14), whether preceded by a consonant or not, are characterized by a ris- 
ing pitch. In such a case the period is not a constant T but a function 
of the elapsed time, /(/). A typical example of this kind of vowel is 
found in the a of ai (Section II.). A determination of the particular 
form of /(/) for various vowels is a highly important matter, as different 
vowels and different manners of speaking are possibly characterized by 
different forms of this rise in pitch. Some of the cases of a suggest the 
iform /(/) = a formula which expresses many of the phenomena 

found in nature. 

When the rise in pitch (decrease in period) is proportional to the 
elapsed time, we have 

^ V . 27r^ 

whefe is the period of the first vibration and m the factor of propor- 
tionality. Such a vowel is found in the a of the 4th example oC / above 
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(p. 28 ^nd Fig. 29). During an interval of 180^ its period >s shortened 
by S*S^ > tbe rate of 0.03/. Its cord equation on the suppositions 
made above would be (in seconds) 


F(t) sin 


27 rt 

9 — 0.03/ ' 


In the latter portions of words the vowels in the records I have exam- 
ined are generally nearly constant in pitch, with often a slight fall as the 
intensity decreises. ^Typical examples are found in the cases of i in ai 
(Sectipn II.). This slight fall in pitch need not necessarily indicate a 
relaxation in the tension of the vocal cords ; as the force of the expired 
current of air decreases, the frictional forces involved in the cord vibra- 
tion may gradually lengthen the period. Yet the amount of fall is genr 
erally too great to be due to anything but a relaxation of the cords. 


The amplitude function. 

The intensity of a sound wave is to be defined as the amount of work 
performed by the passage of the wave through a unit surface in a unit 
time. It is directly proportional to the square of the amplitude and in- 
versely proportional to the period. Complete calculations of the inten- 
sity of vowels under various circumstances may eventually be made ; in 
the present investigation, however, the amplitude has been taken as the 
most convenient index of intensity. 

In the records studied I have rarely found a vowel with a constant am- 
plitude. Vowels at the beginnings of words show invariably a rise in 
amplitude. This rise may continue until the vowel ends in some other 
sound. Such is the case in a of ai (Section II. ), and in a of and in thread 
and fieedle. Most vowels, however, rise to a maximum and then fall ; 
as is typically illustrated in a (p. 67). Such vowels might possibly be 
called circumflex vowels. Even in the middle of the word the vowel has 
a tendency to the circumflex form, as is well shown in most cases of the 
i of ai. The rise and fall may be quite elaborate as in the case of the 
doubly circumflex vowel 0 of b(no\ this long o^ however, might with 
propriety be considered a molecular union of two <^;*s in succession. 

In a vowel of constant amplitude represented by the sinusoidal vibra- 
tion we \^uld have f(J) = a and 


sin 


27 tt 

M' 


In a rising vowel R(t) might take some such form as ;«/, whency we 
would ha-ve y *=* mt sin • 



94 -E. W, Scripture^ 

In a circumflex vowel we may assume the anjplitude to be of sipusoid 
form whereby 

F(J) =* E sin ^ 
and 


„ . 27r/ . 


where E would be the maximum amplitude and s tke length of thd vowel. 
When the pitch is constant the curve will have the form 


2 ‘Kt 2 Ttt 
y = ^ sin sin • 

S I 

I have found one vowel, a in said in thfe line /, said the sparrmu, that 
can be with close approximation considered as a circumflex vowel of 
constant pitch. Its equation is (in seconds and millimeters) 


y 


0.5 sin 


27 r/ . 2 itt 

- — ^ Sin . 

0.108 0.0053 


It does not All a complete period of circumflexion as it is suddenly 
cut short by the s of sparrow. 

Among the hundred or so English vowels that I have inspected, I have 
been unable to find one that can with any close approximation be con- 
sidered as steady in intensity and constant in pitch. Thus a vowel of 


27 */ 

the form y = a sin — must be a rare one. 


Some vowels during part of 


their course are of this form, but a change of some kind seems character- 
istic at some moment. Even such approximations have been found only 
in the interior of words, that is, with boundaries of consonants or of vow- 
els with the vocal organs already in action. It seems to be the rule in 
English that a vowel following a pause shall be a rising or crescendo one, 
and one preceding a pause shall be a falling or diminuendo one. 


Sequence of cord tones. 

There seems to be for a particular voice on a particular occasion cer- 
tain tones around which the cord tones group themselves. Boeke found 
that in ordinary speech his cord tone ranged from 181 to 256 complete 
vibrations.' 

In the first^ stanza of Cock Robin the general tone seems to be one with 
a period of 5.3*^ (about 190 vibrations). 

■BpEKE, Mikroskopische Phonogrammstudien, Arch. f. d. g«s^ Physiol. (PflUger), 
,1*891 L 297. 
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In addition to this a tgne with a period of 7. (about 143 vibra- 
tions, making a musical interval of a fourth below the general tone) has 
a tendency 4 o appear for the sonants of lower pitch and another tone with 
a period of 1.8*^ (about 560 vibrations, making a musical interval of a 
duodecime above the general tone) for the sonants of higher pitch. 

The periods of the various sonants, as far as I have been able to deter- 
mine them in this stanza, are given in thousandths of a second by the 
figures below thf m in Jhe following quotation : 

Wh o k i lied C o ck R o b i n 

3.3 * 1.8 4.2 1.8 5.3 5.6 8.4 

I, s ai d th e sp a rr ow, 

18 to 4 5*3 ♦ 5*3 5*32.85.2 

W i th m y bow a nd a rr ow 
S -3 2 -I S -3 S-< 5 - 3-6 7-0 S -3 4-2 2-5 7 -° 

I k i lied C o ck R o b i n. 

12 to 4 5.6 7.0105.3 3.93.94.25.68.8 

It may be suggested that the melodiousness of speech must depend to 
a great degree on the musical sequence of the cord and resonance tones. 

VII. Verse-analysis of the ist stanza of Cock Robin. 

As stated on p. i these researches were begun in order to settle the 
controversy in regard to the quantitative character of English verse. A 
nursery rhyme was selected as being verse in the judgment of all classes 
of people for many ages. When compared with some of what many of 
us now consider to be the best verse, it shows various defects, but these 
defects are typical of the usual deviations from our present standards and 
are, moreover, not defects according to other standards. It is also a fact 
that our notions of verse are largely derived from the rhymes heard in 
childhood. 

An analysis of the sounds of the first stanza is given in the four tables 
on the adjacent pages. 

The first column gives the sounds in the phonetic transcription used by 
ViETOR.^ 'T'he second column gives the duration of each sound as de- 
termined by measurements of the curves in the records as described on 
p. 13. The third column gives the period of the cord tone, and the 
fourth gives the amplitude of the vibration in the tracing (p. 20), not 
the amplitude of the vibration on the gramophone plate or of the mdve- 

WiETOtl', Elemente der Phonetik, 3. Aufl., Leipzig 1894. 
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Line i : Who killed Cock Robin ? 




•9‘3 




1 

Duration in th 
sandths of 
second. 

l-s^ 

ii'7 

i|a 

1 

Remarks. 

c/a 

ja a ^ 
-2 ^ 
£- 

li'® 

.Se 

c/a 


h 

>IO 




Very short sound, «not di.<tfinguisbal5le in the 
record, not over io<r in length. Compare with h 
on p. 60. « 

it 

189 

3-3 

0.4 

Strong 

Forcible vowel, large amplitude in earlier por- 
tion, rises somewhat in pitch, average period 3.3. 
Compare with u on p. 63. 

>& 

1 19 




Appears in the record as a straight line. 

i 

154 

1.8 

0.6 

strong 

Long vowel, large amplitude throughout, double 






circumflex in amplitude (p. 93). The high pitch 
of this i is in contrast with that of killed in the 4th 
^ine (below) 

1 

74 

1.8 

0.1 


Compare p. 65. 

d 

0 




No sound of d can be heard in this record ; the 
record plate speaks ** Who kill Cock Robin ? ” 

k 

53 




Appears in the record as a straight line. 

a 

126 

4.2 

0.S 

weak 

Rises somewhat in pitch to 4.2 in the main por- 
tion, weak on account of lowness in pitch. 

^ 1 

1 

70 

[ ; 

i 

1 


The vibrations of the d are suddenly cut short 
by a few vibrations of a different form that rapidly 
decrease in amplitude. In listening to the record 
plate^the ear hears no glide between d and h; the 
word seems to be simply and distinctly k&k and 
not kdak. This glide seems to be, to the ear, an 



1 

I 

: essential part of the k. The cords are still vibrat- 




i 


ing while the mouth is changing from the & posi- 
tion to the k position. 

k 

31 

1 



Straight line measured from * to /*/ there is no 



’ i 


1 pause between k and r. 

r 

74 

1.8 1 

i 

0-3 


Very distinctly and heavily rolled r; pseudo- 
beats are apparent. Compare p. 69. 

a 

140 

S-3 

0.5 

strong 

Of very low but constant pitch ; steady rise in 
intensity till the vowel is cut short by b ; forcible 
on account of length and amplitude.^ 

b 

49 




Straight line from d to i. Compare p. 67. 

i 

56 

5.6 

0.3 

weak 

Short but distinctly heard ; weak on account of 
shortness, lowness and faintness. 

n 

74 < 

8.4 

a.2 


Falls in pitch and amplitude. 

% 

770 
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Line 2 : /, said the sparroru. 



0 ctf 

•S's ! 

'5 ^ 



•o* 

c 

9 

•S'S . 

e *9 

•s^g 

i 

s.|i 1 

^ .JL ^ 

e 

1 

4J 

U 

Remarks. 

0 

in p 

§ S 

0 

; 

u 0 (4 : 

S- i 

i g « 

§ el 

1 


ai 

.452 

18 to 4: 

°v 7 

Strong 

Full analysis on p. 16 ; strong by length, pitch 


210 



of ? and amplitude. 

s 

? 




Very brief sound, no trace in record. 

e 

105 

5-3 1 

0-5 

weak 

Rather long and loud, but low in pitch. 

(i 

81 

5-3 j 

O.I 


Pitch falls from 5.3. 

dh 

32 


>0. 1 


Very weak vibrations. 

a \ 

84 

5-3 i 

0.2 

weak 


sp 

\ 

■ 

[ ' 



Impossible to distinguish between the two 
sounds in the tracing ; the s is heard as a brief 
, sound. 

* 

18 

1-9 1 

0.4 : 


Distinct sound different from the following a. 


170 

5-3 ; 

0-5 1 

strong 

Constant very low pitch but steadily increasing 





; amplitude ; falls suddenly in intensity during 50^ 

1 


i 



to r ; no sound of fi as stated in Vietor, p. 115 ; 
strong on account of length and amplitude. 

y : 

i 

II 

2.8 ; 

0.2 1 


Clearly marked vibrations ; the rolling of the r 
can be distinctly heard. Compare p. 69. 

0 1 

294 ; 

5-2 i 

0.6 ; 

strong 

Very long vowel of constant pitch, but of rising 


I i ' i jand then falling intensity (p. 93) ; strong by 

I 1 ; ; I length and amplitude ; followed without pause by 

i j j I I f? of next line 


ment of the cords. The fifth column gives what I consider to be the 
character of each syllable, whether strong or weak; the judgment is 
based on the sound of the gramophone record, aided by a study of the 
tables. 

The elements in speech whose rhythmical arrangement is the essential 
of verse as contrasted with prose are : i, quality ; 2, duration or length ; 
3, pitch ; and 4, intensity. The element of quality consists in the na- 
ture of the sound as a complex of tones and noises producing a definite 
effect as a speech-sound. Length, pitch and intensity are properties of 
the speech^sound that can be varied without destroying its specific nature, 
that is, without changing the quality. These four elements can be varied 
independently. 

It seems to be sufficiently well settled that, in addition to variations of 
quality, that is, of the speech-sounds, the essential change in Greek vftrse 
was one pf pitch. I have obsqfved a similar characteristic in Japanese 
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Line 3 : With my bow and urrow. 


1 

Sound. ! 

j 

i 

Duration in thou- 
sandths df a 
second. 

Pitch (period in 
thousandths of ! 
a second). 

Intensity (maxi- 
mum ampli- 
tude in mm.). 

Syllable effect. 

Remarks. 

u 

108 

5.3 

0.2 


Amplitude rises from 0. 

i 

60 

2.1 

0.4 

Strong 

Circumflex sustained %owei ; compare p. 94; 

dh 

56 


O.I 


strong by pitch and amplitude. 

m 

74 

5-3 

0.1 



d 

179 

5.6 

0.4 -J 


Both parts of this diphthong are nearly constant 




[ 

strong 

in pitch and amplitude ; compare p. 92 ; strong 

i 

112 

3-6 

0-5 J 


by length and amplitude. 

1 


1 



My is followed by a brief rest in order to bring 

* I 

140 




out the b distinctly. The b makes no curves in 






the record. 

0 

490 

7.0 

0.4 

strong 

Extremely long vowel of very low pitch with 






two maxima of intensity ; it might be considered 






as a close succession of two o's ; compare p. 93 ; 


11 



1 

strong by length and amplitude. 

^ 1 

^82 J i 

7-7-S-3 

0.2 

weak 1 

The begins at a very low pitch 7. 7 and rises 

« \ 


5-3 : 

0.1 j 


steadily to 5.3, which is maintained throughout 



1 


i i 

the n. The form of the curve for a differs from 





1 ' that for n, yet the change is so gradual that it is 




1 

i, 

: impossible to assign any dividing line. 

d 

18 


1 

i 

i Straight line in the record. 

* 

102 

5.3 

0.4 


This extra vowel arises from the attempt at ex- 





1 

tra distinctness in speaking. 

a 

189 

4.2 

03 

' strong 

Strong by length and pitch. 

r 

39 

2.5 (?) 

o.c 


Rolled r, brief. ;? 

0 

33* 

7.0 

0.6 

! strong 

A single vowel of circumflex intensity ; com- 






pare p. 93 ; strong by length and amplitude. 

1 

1 

420 



! 



verse. Probably no better way of getting an idea of the nature of 
Greek verse could be found than that of listening to typical Japanese 
verse. I have also found another form of pitch-verse in a kind of poet- 
ical dictionary used by the Turks for learning Persian. 

Latin verse was essentially a time-verse, the chief distinction among 
the syllables being that of length in addition to the change m speech- 
sounds. 

English verse is usually considered to be an intensity-verse, or a verse 
of loud and 'soft syllables. The four tables show quite evidently that 
English verse is also a pitch-verse and a time-verse. 

It. may be said that in all probability qjianges of length and ^‘ntensity 
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Line 4 : I killed Cock Robin. 


•3 

§ 

V3 . 


>= . 


:} 


k . 
Ill 


334 

125 

324 

33 


* ! 81 


ill 

III 

y o 


12-4 


5.6 


4.9 


133 

«47 

76 

46 

60 


if? I 


I < 

^ a j 


6.6 


I 

Strong 


I 

I 

0.2 I weak 


o.; 


70-5.3 0.3 ! weak 


3-9 


0.6 


a 


39 i 

0.5 J 

h 

53 

4.2. 

O.I 

i 

82 

5-6 

0.4 1 

n 

74 

i 8.8 

O.J 


955 




strong ' 


weak 


Remarks. 


Full analysis on p. 22 ; strong by length, pitch 
of i and amplitude. 

Straight line in the record. 

It is impossible to assign any detinite point as 
the limit between these two sounds ; weak, low i 
in contrast to the i in the first line above. 

This tt is distinctly heard ; compare d in first 
line above. 

Additional vowel due to the extra distinctness 
in speaking the d ; it arises from the explosive 
opening of the mouth ; the pronunciation of the 
word kiiled is different from that in the first line 
chiefly in the great difference in pitch and in the 
greater distinctness of the d. 

Straight line in the record 

Pitch rises from beginning to end. 

See the same word in the first line above. 

Straight line in the record. 

The r is more vowel-like than the correspond- 
ing r in the first line ; the strong roll is not heard; 
the curve of ro very much resembles in period and 
amplitude the curve of an ai in thy (Fig. 61) 
turned backward ; the period of the cord tone is 
practically constant ; the resonance tone of th< 
mouth undergoes a continuous change ; any as 
signment of a limit between the two sounds must 
be somewhat arbitrary ; the sound ro is strong by 
length, pitch and amplitude. 

The b cuts off suddenly the sound of 0 . 

The i is heard, but not so distinctly as in the 
first line above. 

Weak, low, diminuendo. 


went along with the changes of pitch in Greek verse but that they wer€ 
of minor importance. Perhaps, also, changes of pitch and intensitj 
likewise accompanied the long and short syllables in LatinVerse. But ] 
do not think that for English verse we can fully accept the analogous 
statement that, although the changes in pitch and length may be present. 
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they are quite subordinate to the changes in intensity. It ^ould, I be- 
lieve, be more • nearly correct to say that English verse is domposed of 
strong^ and weak, or emphatic and unemphatic syllables and that strength 
can be produced by length, pitch or intensity. 

The usual scansion of this stanza in strong and weak syllables would 
give 


The three elements : length, pitch and intensity, are all used to pro- 
duce strength. Thus the forcible vowel fi in Line i is long and moder- 
ately high and loud. 

The strength of a syllable may be kept the same by increasing one of 
the factors as another one decreases. The vowel o of Robin in Line i 
is strong on account of its length and intensity, although its pitch is low. 
A syllable necessarily short may be made as strong as a longer one by 
making it louder or higher ; or a syllable necessarily of small intensity 
may be strengthened by lengthening it or raising its pitch. Thus, the 
short i of With in Line 3 is strong on account of its high pitch and large 
amplitude ; and the weak ce of arrinv in Line 3 is strong on account of 
its high pitch and its length. This might be called the principle of sub- 
stitution. 

An increase in the loudness, length or pitch of a syllable renders it 
stronger — other things being equal. Using the symbol f to indicate 
dependence we may put ni = f{Xyy, z), where m is the measure of 
strength and x, y and z are the measures of intensity, length and pitch re- 
spectively. This might be called the fundamental principle of strength. 

The study of this and other specimens of verse has made it quite clear 
that the usual concept of the nature of a poetical foot is erroneous in at 
least one respect. Lines in verse are generally distinct units, separated 
by pauses and having definite limits. A single line, however, is not 
made up of smaller units that can be marked off from each other. It 
would be quite erroneous to divide the first stanza of Cock Robin into 
feet as follow. 

Who killcd|Cock Robjin ? 

1, said thefsparrow. 

With my bowjand ar|row 
1 killedICock Robjin. 

No such divisions occur in the actually spoken sounds and no dividing 
points can be assigned in the tracing. 
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Th^ corr^t concept oS the English poetical line seems to Be that of a 
certain quantity of speech-sound distributed so as to produce an effect 
equivalent to that of a certain number of points of emphasis at definite 
intervals. The proper scansion of the above stanza would be : 

Who killed Cock Robin ? 

I, said the sparrow, 

With my bow and arrow 
I killed Cock Robin. 

The location of a point of emphasis is determined by the strength of 
the neighboring sounds. It is like the centroid of a system of forces or 
the center of gravity of a body in being the point at which we can con- 
sider all the forces to be concentrated and yet have the same effect. The 
point of emphasis may lie even in some weak sound or in a mute con- 
sonant if the distribution of the neighboring sounds produces an effect 
equivalent to a strong sound occurring at that point. Thus the first 
point of emphasis in the third line lies somewhere in the group of sounds 
myboWj probably between y and o. 

With this view of the nature of English verse all the stanzas of Cock 
Robin can be readily and naturally scanned as composed of two-beat or 
two-point lines. 

It is not denied that much English verse shows the influence of quanti- 
tative classical models, but such an influence is evidently not present in 
Cock Robin. 

Thanks are due to Prof. Hanns Oer i'E!. who has very kindly read most 
of the proof of this article ; he has enriched it by various suggestions 
particularly in regard to the h discussed on p. 6o. 



OBSERVATIONS ON RHYTHMIC ACTION' ' 

BY 

W. Scripture. 

Two entirely different forms of regularly repeaCted action are to be 
distinguished. In one form the subject is left free to repeat the move- 
ment at any interval he may choose. This includes such activities as 
walking, running, rowing, beating time, and so on. A typical exper- 
iment is performed by taking the lever of a Marey tambour between 
thumb and index finger and moving the arm repeatedly up and down ; 
the recording tambour writes on the drum the curve of movement. An- 
other experiment consists in having the subject tap on a telegraph key 
or on a noiseless key and recording the time on the drum by sparks or 
markers. Other experiments may be made with an orchestra leader’s 
baton having a contact at the extreme end, with a heel contact on a shoe, 
with dumb-bells in an electric circuit, and so on. For this form of ac- 
tion I have been able to devise no better name than ** free rhythmic 
action.” 

In contrast with this there is what may be called ” regulated rhythmic 
action.” This is found in such activities as marching in time to drum- 
beats, dancing to music, playing in time to a metronome, and so on. A 
typical experiment is that of tapping on a key in time to a sounder- 
click, the movement of the finger being registered on a drum. 

Regulated rhythmic action differs from free rhythmic action mainly in 
a judgment on the part of the subject concerning the coincidence of his 
movements with the sound heard (or light seen, etc.). This statement, 
if true, at once brushes aside all physiological theories of regulated rhyth- 
mic action. One of these theories is based on the assumption (Ewald) 
that the labyrinth of the ear contains the tonus-organ for the muscles of 
the body. It asserts that vibrations arriving in the internal ear affect the 
whole contents, including the organ for the perception of sound and the 
tonus-organ. Thus, sudden sounds like drum -beats or emphasised notes 
would stimulate the tonus-organ in unison, whereby corresponding im- 
pulses would be sent to the muscles. This theory has very much in its 
favor. It is i^ndoubtedly true that such impulses are sent to the muscles. 
Thusiat every loud stroke of a pencil on the desk I can feel a resulting 

. > Reprinted from Science, 1899 X 807. 
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contr^iption in the ear which I am inclined to attribute to the M, tensor 
tympani. Likewise a series of drum-beats or the emphasized tones in 
martial or dance music seem to produce twitching in the legs. Fer^ has 
observed that, in the case of a hysterical person exerting the m*aximum 
pressure on a dynamometer, the strokes of a gong are regularly followed 
by srfddenly increased exertions. Nevertheless, these twitchings are not 
the origin of the movements in regulated rhythmic action. For many 
years Iliave observed 'that most persons regularly beat time just before 
the signal occurs ; that is, the act is executed before the sound is pro- 
duced. Records of such persons have been published,' but their appli- 
cation to the invalidation of the tonus-theory was first suggested by Mr. 
Ishiro Miyake. This does not exclude the use of muscle sensations, de- 
rived froni tonus-twitches, in correcting movements in regulated rhyth- 
mic action, although they presumably play a small or negligible part as 
compared with sounds. 

Another argument in favor of the subjective nature of regulated rhyth- 
mic action is found in the beginning of each experiment on a rhythm ojf 
of a new period ; the subject is quite at loss for a few beats and can tap 
only spasmodically until he obtains a .subjective judgment of the period. 
If the tonus-theory were correct, he should tap just as regularly at the 
start as afterward. 

The conclusion seems justified that regulated rhythmic action is a 
modified free rhythmic action, whereby the subject repeats an act at what 
he considers regular intervals, and constantly changes these intervals to 
coincide with objective sounds which he accepts as objectively regular. 

In free rhythmic action there is one interval which on a given oc- 
c^ion is easiest of execution by the subject. This interval is continu- 
ally changing with practice, fatigue, time of day, general health, exter- 
nal conditions of resistance, and so on. 

It has long been known that in such rhythmic movements as walk- 
ing, running etc., a certain frequency in the repetition of the movement 
is most favorable to the accomplishment of the most work. Thus, to go 
the greatest distance in steady traveling day by day the horse or the 
bicyclist must move his limbi with a certain frequency ; not too fast, 
otherwise fatigue cuts short the journey, and not too slow, otherwise the 
journey is made unnecessarily short. This frequency is a particular one 
for each individual and for each condition in which he is found. Any 
deviation from this particular frequency diminishes the final /esult.** 

It is also a well-known fact that one rate of work in nearly every line 
is peculiar to each person for each, occasion, and that each person has 

* Scripture, New Psychology, 182, London 1897. 
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his peculiar range within which he varies. Too short or j too Ipng a 
period between movements is more tiring than the natural one in walk- 
ing, running, rowing, bicycling, and so on. 

It is highly desirable to get some definite measurement of the difficulty ' 
of a free rhythmical action. This cannot, well be done by any of the 
methods applicable to the force or quickness of the act, but it may be 
accomplished in the following manner. 

As a measure of the irregularity in a voluntary act #ve may 'use the 
probable error. When a series of measurable acts are performed they 
will differ from one another, if the unit of measurement is fine enough. 
Thus, let jCj, x^y ••*, x^ be successive intervals of time marked off by a 
subject beating time, or walking, or running, at the rate he instinctively 
takes. The average of the measurements, 

n 

can be considered to give the period of natural rhythm under the cir- 
cumstances. The amount of irregularity in the measurements is to be 
computed according to the well-known formula : 




\ ^ 1 


where = jTj — 7.'^ — a, •••, = .v^ — a. The quantity p is 

known as the ‘‘probable error,** or the “probable deviation.** The 
quantity 



a 


the “relative probable error,** expresses the probable error as a fraction 
of the average. 

If all errors in the apparatus and the external surroundings have been 
made negligible, this “probable error** is a personal quantity, a char- 
acteristic of the irregularity of the subject in action. If, as may be 
readily done, the fluctuations in the actioiy of the limbs of the subject 
be reduced to a negligible amount, this probable error become a central, 
or subjective, or psychological, quantity. Strange as it may appear, 
psychologists have never understood the nature and the possibilities of 
the probable error (or of the related quantities “average deviation,** 
“njean error,** etc.). In psychological measurements it is — when ex- 
ternal sources of fluctuation are rendered negligible — an expression for 
the Irregularity of the subject's mental processes. Nervous or‘excitable 
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people invariably have large relative probable errors ; phlegmatic people 
have sftiall olbes. 

Thus a person with a probable error of 25% in simple reaction time 
will invariably have a large error in tapping on a telegraph key, in^si^ueez- 
ing a dynamometer, and so op. I have repeatedly verified this in groups 
of students passing through a series of exercises in psychological measure- 
ments. I do not believe it going too far to use the probable error as a 
measure^oi a person’s irregularity. This js equivalent to asserting that a 
person with a probable error twice as large as another’s is twice as irreg- 
ular, ac that if a person’s probable error in beating time at one interval 
is r^ and at another interval r^^ his irregularity is r^ times as great in the 
second case as in the first. I'his concept is analogous to that of preci- 
sion in measurements. We might use the reciprocal of the probable error 
as a measure of regularity. The positive concept, however, is in most 
minds the deviation, variation or irregularity, and not the lack of devia- 
tion, the non-variability, or the regularity. In the case of the word ir- 
regularity ” the negative word is applied to a concept that is naturally 
positi\re in the average mind. 

The irregularity in an act is a good expression of its difficulty. Thus, 
if a person beating time at the interval T’has an irregularity measured by 
the probable error F and at the interval / a probable error p it seems jus- 

P 

tifiable to say that the interval / is ^ times as difficult as 7 ! If 7 ' is the 

natural interval selected by the subject, then the artificial interval i would 
be more difficult than 7 , and we should measure the difficulty by com- 
paring probable errors. ^ 

It is now possible to state with some definiteness the law of difficulty 
for free rhythmic action. Let 7 be the natural period^^nd let its prob- 
able error — that is, its difficulty — be F, It has already been observed 
(Science, 1896, N. S. IV 535), that any other larger or smaller period 
(slower or faster beating) will be more difficult than the natural one and 
will have a larger probable error. Thus any interval t will have a prob- 
able error p which is greater than 7 , regardless of whether / is larger or 
smaller than 7 . 

Three years ago (Science, ^ above) I promised a complete expression 
for this law. Continued observations during this time enable me to give 
an idea of its general form. The results observed can be fairly ^yell ex- 
pressed by the law 
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iij which T’is the natural period, jPthe probable error for T'// any ar)Di- 
trary period, p the probable error for / and V a*personal constant. 

This may be called the law of difficulty in free rhythmic, action. A 
curve expressing the equation for i.o*, P = 0.02* and ^ == i is given 
in the figure. 



It will be noticed that periods differing but little from the natural one 
are not much more difficult and that the difficulty increases more rapidly 
for smaller than for larger periods. 

In plotting this curve I have assumed unity as the value for all personal 
constants. The personal constants will undoubtedly vary for different 
persons, for different occasions and for different forms of action ; an inves- 
tigation is now in progress with the object of determining some of them. 

In case it is desired to know what periods are of a difficulty 2, 3, •••, 
n times that of a table of values for p may be drawn up in the usual 
way and that value for / sought (with interpolation) which gives for 
p a value 2, 3, —, n times as great. Thus, in a table for the above ex- 
ample it is found that the periods 0.38* and 2.6* are twice as difficult. 

This law can be stated in another form which is of special interest to 
the psychologist. To the person beating-time a period of o is just as far 
removed from his natural period as one of 00 ; both are infinitely impos- 
sible. 'The objective scale does not express this fact ; objectively a period 
of p is as different from a period of i* as a period of 2* would be. Simi- 
lar considerations hold good for the lesser periods ; the scale by which 
the^mind estimates periods is different from their objective scale. This 
difference may be expressed by asserting that the following relations exist 
between tjie two : 
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where x is the measure on the mental scale, T the natural period,,/* any 
other period, and c a personal constant. By this formula the various 
.period» may be laid off according to their mental differences from the 
natural period. Every difference from the natural period is mentally a 
positive i^atter. With jhe mental scale tl^ law of difficulty becomes 

+ ex') 


where p and P are the probable errors for / and T respectively, x is the 
measure on the mental scale and ^ is a personal constant. This is the 
equation of a straight line. The law states that the difficulty of any ar- 
bitrary period is directly proportional to its mental difference from the 
natural period. This is the statement which I tried to make in the note 
published in Science, 1896, N. S. IV 535. 

This law of difficulty as depending on the period is, of course, only one 
of the laws of free rhythmic action. It is quite desirable that other laws 
of difficulty and of frequency should be determined. For example, ob- 
servations on ergograph experiments tend to show that the irregularity 
and the natural period both change with the weight moved ; they also 
change with the extent of the movement. 

Such a series of well established laws might be useful in regulating 
various activities to the best advantage. It is already recognized that it 
is most profitable to allow soldiers on the march to step in their natural 
periods ; it is also known that on the contrary sudden and tense exertion 
is favored by changing the free rhythmic action into regulated action by 
marching in step and to music. More definite knowledge might per- 
haps be gained concerning the most profitable adjustments of the rhythm 
and extent of movement in bicycle-riding to the person’s natural period ; 
at present only average relations are followed in the adjustment of crank- 
length, gear and weight to bicycle-riders, individual and sex differences 
not being fully compensated. Other examples will suggest themselves. 

Not only does every simply activity have its own natural rhythms ; 
combinations of activities have rhythms that are derived from the simpler 
ones. In fact, it may be said that the individual, as a totality,^sub- 
jected to a series of largfe rhythms for his general activity (e. g., yearly, 
monthly, weekly, daily, and so on), and also to a series yOf smaller 
rhythms for his special activities. The natural periods do not alw|ys 
correspond with the enforced periods. The daily rhythm is unquestion- 
ably too Slow for some persons and too rapid fpr others ; the unavOid- • 
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able enforcement of the 24-Jiour period works a loss to ^11 whp would 
naturally vary from it, and diminish^ss the total amount of work that 
j^could be produced by them. For large numbers of brain- workers the 
24-hoiir -period is too long ; for many of them the natural period is prob- 
ably about 18 hours. Although about one-quarter of the day is not 
efficiently used, there is little relief in splitting up the day into parts, be- 
cause (i) the 1 2 -hour period would be naturally even less advantageous 
than the 24-hour one, and (2)fthe new rhythm cafiinot fee made *co fit the 
environment. 

< . 

The progress of civilization and the changes in life are undoubtedly 
tending to shorten the natural period from 24 hours by encouraging a 
greater discharge of energy at shorter intervals. Since the 24-hour 
rhythm is a fixed one, there must be a constant effort at adjustment in this 
respect by those individuals most susceptible to the new influences, 
the survival of the fittest will, of course, tend to keep the natural rhythm 
not far from the 24-hour period. 








